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ABSTRACT 
One of the major cause of species decline and extinction in modern tin1es is 
habitat clearance and it associated habitat fragmentation. In this thesis, I examine the 
respon e of two species of reptile to recent human induced habitat fragmentation and 
review their responses in the light of two currently dominant paradigms 
(small-population and declining-population paradigms) in conservation biology. 
Specifically, I test the proposition that habitat generalists exhibit higher persistence 
following habitat fragmentation than habitat specialists through their ability to cope 
with a broader range of environmental conditions and because they are better able to 
disperse through a modified landscape. 
.. 
Vil 
To examine the generalist/specialist hypothesis, the distribution of two species 
of gecko ( 0edura reticulata and Gehyra variegata) in a recently fragmented region of 
the Western Australian wheatbelt was determined by a survey of 32 smooth-barked 
eucalypt woodland remnants. 0. reticulata has been classified as a habitat specialist 
compared to G. variegata. Both species are long lived with low annual recruitment. The 
results of the survey support the generalist/specialist hypothesis with G. variegata 
exhibiting considerably higher occupancy (97%) than 0. reticulata (72% ). Logistic 
regression modelling of the presence or absence of 0. reticulata revealed a significant 
correlation between the number of smooth-barked eucalypts in the remnant and the 
presence of O. reticulata. Thi suggests that extinction is operating at a local or 
population level rather than on a regional basis in this species and that the probability of 
extinction for a given population is related to the amount of habitat in the remnant. 
Three reasons can be invoked to account for the observed contrast in levels of 
occupancy between the two pecies. First 0. reticulata population may be at lower 
densities than G. variegata, thu forming smaller population, which are more 
vulnerable to extinction through tochastic processe . Second, 0. reticulata may be 
unable to migrate between remnant . Con equently. it cannot recolonize a remnant 
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following extinction or supplement small populations with immigration to reduce the 
probability of their extinction. Third, 0. reticulata may simply be unable to cope with 
the environmental changes caused by habitat clearance. 
To investigate these possibilities, an intensive study of the demographic 
parameters of population size, age structure, sex ratios, habitat use and developmental 
stress (as measured by fluctuating asymmetry) for both species in 12 remnants and three 
nature reserves was undertaken. To examine regional population structure and the 
possibility of genetic exchange among 0. reticulata populations, a survey of 
mitochondrial DNA was also undertaken. 
The demographic studies show that differences in occupancy observed between 
the two species are unlikely to be the result of differences in population size because 
0. reticulata populations are generally larger than those of G. variegata. A high level 
of genetic independence among populations as well as inconsistencies in sex ratios, age 
structure and population size between adjacent populations indicates that 0. reticulata 
rarely, if ever, moves between populations. Conversely, G. variegata shows a marked 
level of consistency in demographic parameters between populations, suggesting some 
migration. The fluctuating asymmetry data provide evidence that remnant populations 
are experiencing some developmental stress (whether that be genetic, environmental or 
a combination of the two) but does not suggest that 0. reticulata exhibits higher levels 
of stress than G. variegata. Thus, the differences in occupancy observed between the 
two species are unlikely to result directly from changes in habitat caused by 
fragmentation. It appears, therefore, that G. variegata exhibits greater occupancy than 
0. reticulata primarily because it can move between remnants and thus form a 
metapopulation. 
The results have several important implications for extinction theory and 
conservation practice. First, they provide empirical evidence supporting theoretical 
models that the ability to form a metapopulation may be critical to population 
persistence in recently and highly fragmented ecosystems. Second, they suggest that the 
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response of a species to habitat fragmentation will in part be a function of its degree of 
habitat generalism. Such theory could have important application to conservation by 
enabling the prediction of species vulnerability to habitat fragmentation. Third, while 
surveys of remnant occupancy may provide a useful indication of relative levels of 
persistence, such a survey in this study failed to identify the extreme vulnerability 
(through small population size) of some populations in the largest remnants examined. 
This vulnerability would not have been predicted from the positive correlation between 
habitat size and presence or absence obtained from the occupancy survey. Fourth, the 
combination of molecular and demographic methods can provide important insights 
into the dynamics of populations in highly modified situations that could not have been 
obtained through either method alone. 
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PREAMBLE 
For many years, the study of extinction formed a relatively minor portion of 
scientific investigation. Recently, however, in response to increased scientific and 
public concern at observed and projected species extinction rates, there has been a rapid 
expansion in extinction theory, particularly in relation to small populations. As yet, 
much of that theory concerning species and population extinction remains unevaluated 
by field investigation. Such evaluation is critical if the role of extinction in determining 
the distribution and abundance of species is to be understood and translated 
successfully into conservation action. 
The destruction and fragmentation of large areas of natural habitat has been 
identified as one of the key factors in the recent acceleration in global extinction rates 
(Ehrlich 1988) and continues at a rapid pace in many parts of the world (Dudley 1992). 
Yet current understanding of the impact of habitat fragmentation on species and 
population persistence is poor (Simberloff 1988). This is partly because of the large 
time scale involved in observing the dynamics of extinction for many species and partly 
because extinction through habitat fragmentation has only recently been recognised as a 
topic of local and global significance. A focus on endangered species may also have 
hindered study on extinction processes following fragmentation by concentrating on the 
conservation of populations (for understandable reasons) rather than the observation of 
population extinction. 
To ensure effective conservation of wildlife following habitat fragmentation, a 
thorough understanding of the principles of species persistence is essential. In general 
terms, this means being able to predict the probability of persistence for a given species 
following fragmentation of its habitat. Absolutely critical to obtaining such an 
understanding is the empirical field validation of the many theoretical concepts and 
models that abound in conservation biology. Of particular relevance to persistence in 
fragmented habitat are: the ability of individual species to cope with the habitat changes 
xi 
caused by fragmentation; and theory relating to metapopulation dynamics (the regional 
interaction of local population ) and small populations. Consequently, these aspects are 
examined in detail in this study. 
The purpose of this thesis is to define for two common species of gecko the 
aspects of their life history and landscape that affect their ability to persist. I do this 
through a comparative analysis of the distribution. abundance and population structure 
of the two species in an area in which the natural vegetation has been highly 
fragmented. The study was established to test the general principle that habitat 
generalists fair better than habitat specialists following habitat fragmentation. The two 
specie studied were chosen to reflect such a contrast. The results are interpreted in 
terms of their relevance to the small-population (particularly metapopulation structure) 
and declining-population paradigms currently operating in conservation biology 
(Caughley 1994). 
The thesis has been written as a series of discrete units to facilitate subsequent 
publication. There are two background chapters, including a review of past and present 
extinctions, extinction theory and its relevance to habitat fragmentation and the scope 
and objectives of this study (Chapter 1) and a description of the life history of the two 
species of gecko, study site and survey methods (Chapter 2). The following five 
chapters (Chapters 3 to 7) contain the detailed distributional, demographic, genetic and 
morphological studies carried out on the two species and discussion of the implications 
of the findings for the conservation of each pecies. Finally, in Chapter 8, I summarise 
the findings and discuss their implications for conservation biology theory. 
One of the Chapter (Chapter 3), was co-authored with Graeme Smith (CSIRO, 
Perth) and Jacqui Meyer (CSIRO, Canberra). Graeme assisted with the 
presence/absence survey of remnants and provided ome of the habitat data, while 
Jacqui and I collaborated on the logistic regre ion analysis. The chapter was written by 
me. Two of the Chapter (Chapter 3 & 4) have been accepted for publication in 
Biological Conservation and Australian Journal of Ecology re pectively. 
CHAPTER 1 
Review of extinction theory with particular reference to 
anthropogenic causes 
1.1 Introduction 
In this chapter I review past extinctions to provide an historical perspective to 
recent extinctions and describe two major extinction paradigms currently operating in 
conservation biology. The relevance of those paradigms to the widespread problem of 
habitat fragmentation are discussed and areas in which theory is in need of empirical 
validation are identified. Finally, I outline the scope and significance of this thesis in 
terms of extinction theory and describe the objectives of the study. 
1.2 Pre-historic extinctions 
1 
Extinction is an integral part of the evolutionary process and has occurred 
throughout the history of biological presence on earth (Larwood 1988). There have also 
been many periods in a geological time frame where extinction has occurred on a large 
scale (Stanley 1979; Raup 1984) and perhaps even periodically (Raup & Sepkoski 1982; 
Sepkoski & Raup 1986). The most famous of these mass extinctions is the extinction of 
the dinosaurs at the end of the Cretaceous ( approximately 65 million years ago) but in 
terms of loss of diversity even larger extinction events have occurred. These mass 
extinction events have been attributed to many causes, including changes in sea water 
temperature (Stanley 1984 ), ecological succession (Van Valen 1984 ), meteor impact 
(Alvarez et al. 1980), volcanic activity (Cox 1988) and falls in sea level (Kauffman 
1979). Despite the plethora of theories, there is little agreement on the causes of 
individual episodes of mass extinction, although there is little doubt that such extinction 
events have had a profound impact on the type and number of species that currently exist 
(Gould 1985; Benton 1986; Jablonski 1986). 
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The mo t recent major extinction event wa that of the late Pleistocene (30,000 to 
10,000 bp - year before pre ent). Although the magnitude of extinctions during thi 
period wa mall when compared with tho e of the late Permian and Cretaceou , it i 
ignificant because it involved the extinction of large mammals (particularly in the 
America and Australia) and birds (Gillespie et al. 1978; Martin 1984). In that period, 
74% of megafauna in North America and 86% of megafauna in Au tralia became extinct 
(Martin 1986). It is also the first large extinction event that has been linked to the 
activities of Homo sapiens (Martin 1984; 1986). The role of humans remains 
controver ial however, primarily because of doubts over the accuracy of carbon dating 
method (Diamond 1989; Grayson 1989) and is opposed by several researchers who 
favour a climate change hypothesis ( e.g. Horton 1984; Dodson 1989). 
The Holocene (10,000 bp to present) has also seen several dramatic cases of 
pecie loss, most notably on Madagascar, New Zealand and the Pacific islands (Martin 
& Klein 1984; Holdaway 1989; Steadman 1989). Because of their recent Gccurrence and 
the extensive availability of sub-fossils, investigation of causation in these extinction 
events i more fruitful, with extinctions in all three regions linked to the arrival of humans 
(Burney & MacPhee 1988; Anderson 1989; Steadman 1989). 
In Madagascar, human modifications to bones of an extinct dwarf hippopotamus 
have dated the minimum arrival of humans as 2,000 bp (MacPhee & Burney 1991). This 
coincided with the start of an 1,100 year extinction phase in which the majority of the 
megafauna of Madagascar disappeared. Among the species which became extinct during 
thi period were all the species of elephant birds, a dwarf_hippopotamus and everal 
pecie of giant tortoi e and lemur. These extinctions were probably caused by a 
combination of fire-induced habitat change, hunting and the introduction of dome tic 
herbivore , although little i known about their relative contribution (Burney & MacPhee 
198 ) . 
The colonization of New Zealand by the Polynesians (:::: 1,100 bp; Caughley 
19 8) coincided with a major extinction pha e among the native vertebrate fauna. That 
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pha e aw the loss of 40 to 50% of avifauna, 50% of frog fauna and at least three species 
of reptile (Holdaway 1989). The hunting of moas by the colonizers (which peaked about 
100 year after their arrival; Caughley 1988) has been closely linked with the demise of 
all twelve pecies through overkill (Anderson 1989), although habitat clearance by the 
use of fire has also been invoked as a cause (Holdaway 1989). 
The extinction of frog and reptile species from the main islands of New Zealand is 
more problematic, but it is most likely that the introduction of the Polynesian rat (Rattus 
exulans) was a key factor, most probably through predation on eggs (Crook 1973). 
Certainly the tuatara (Sphenodon spp.) and several species of skinks, geckos and frogs 
are found only on islands that do not contain Rattus species. Sub-fossil records for many 
of these species show them to have formerly enjoyed a widespread distribution on the 
two main islands (Holdaway 1989). 
As with Madagascar and New Zealand, the islands of Polynesia show a high 
coincidence of vertebrate extinction and the arrival of humans. The study of bones in the 
islands of Eastern Polynesia (Marquesas, Society, Pitcairn and Cook islands) has 
revealed many late holocene extinctions. In particular, the disappearance of many species 
of bird (often flightless land birds) was coincident with the arrival of humans on the 
islands (from::::: 3,000 bp) and only abated after the avifauna were largely depleted 
(Steadman 1989). On islands such as Norfolk and the Galapagos group, where 
colonization by humans occurred only within the last 200 years, there is no evidence of 
large scale extinctions prior to human settlement (Steadman 1989). 
1. 3 Historical extinctions 
There is currently great concern that human endeavours are causing a major 
increa e in the rate of extinction (Myers 1988). Since 1600, the extinction of 486 animal 
and 600 plant species, has been documented (Smith et al. 1993; based on data from the 
World Conservation Monitoring Centre 1992). Among animals, this represents less than 
1 % of the known pecie , with the highest proportions being recorded among mammal 
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(1.3%) and birds (1.2%). Superficially, these figures suggest only a minor surge in 
modem extinctions, but Smith et al. (1993) argue that these data are heavily distorted by a 
di proportionate research effort, the number of taxa involved in particular groups and the 
rate and nature of regional development. They suggest that the extinction rate may be 
considerably higher than that currently observed and point to the high proportion of 
pecies in groups such as gymnosperms (32%), palms (33%), mammals (11 %) and birds 
( 11 % ) that are classified as threatened. 
Wilson ( 1988) estimates that extinction rates in rainforests alone are likely to 
approach 1 in 1,000 species per year. This is 1,000 to 10,000 times the rate estimated for 
extinctions during the Paleozoic and Mesozoic eras. It must be emphasised, that these 
figures are at best very approximate. They are based on total species' number estimates 
that vary by more than an order of magnitude (Wilson 1985) and rely on island 
biogeographic theory to predict extinction rates from unknown levels of forest 
fragmentation. Nonetheless, it is likely that an extinction rate of considerable magnitude 
is occurring and one that is likely to be the largest since that of the Cretaceous. 
1.4 Causes of extinction 
Despite the attention that has been applied to the history of large extinction events 
and to the expected fate of many currently extant species, very little is actually known 
about the extinction process itself, primarily because determining causality post obitum is 
extremely difficult. Caughley ( 1994) recognised two paradigms in the study of extinction 
processes. These are: 
-
1. Extinction driven by agents external to the population in question 
( declining-population paradigm); 
2. Extinction resulting from stochastic processes in small populations 
(small-population paradigm). 
Below, I outline these two paradigms and briefly discuss their relative importance in 
pecie decline and population extirpation. 
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1. 4 .1 Driven extinctions 
Driven extinction occurs when external agents such as regional changes in 
weather patterns or a product of human endeavour ( e.g. habitat clearance, hunting or 
introduced predators) cau e the contraction in range of a species to the point of extinction. 
Driven extinctions can occur over a broad geographical area and will be relatively 
independent of population size (Goodman 1987; Soule & Kohm 1989). Diamond ( 1989) 
identified four agents of decline in recent extinctions which he labelled as overkill, habitat 
destruction and fragmentation, impact of introduced species and chains of extinction (the 
loss of pecies as a result of the extinction of another species). Of these, habitat 
destruction and fragmentation are the most pertinent to this thesis and so are described in 
some detail below. 
Most documented recent extinctions among the vertebrates can be attributed to 
such driven processes (Caughley 1994 ). In particular, overkill and the introduction of 
alien species provide some of the most striking examples. The extinction of the moas in 
New Zealand through overkill by Polynesian colonizers is a prime example of a driven 
extinction. Another is the extirpation of one species of skink (Mabuya mabuya) and two 
colubrid snakes ( Clelia clelia and Liophis omatus; Corke 1987) on the island of St. Lucia 
in the Lesser Antilles from predation following the introduction of the mongoose. 
1. 4. 2 Extinction in small populations 
Extinction via demographic stochasticity 
-
Extinction by stochastic processes results from random events in the survival and 
reproduction of individual . An extreme example of this would be a population in which 
only male off pring were produced in successive years, providing no females with which 
to produce ubsequent generations. Such random events at the level of the individual 
might re ult from variation in the determination of ex at birth, probability of 
encountering a mate or genetic differences among individuals (MacArthur & Wilson 
1967; Goodman 1987). Intuitively, these proce es are likely to be more critical in small 
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rather than large populations simply because the probability of an event (like the 
production of all males) is higher in small populations. More formally , the variance in the 
rate of increase (r) of a population declines rapidly with growth in population size 
(Goodman 1987), thus decreasing the likelihood of extinction. In the absence of 
fluctuations in the environment, basic life and death process models predict that 
populations of even quite modest proportions will persist for considerable periods of 
time. 
Unfortunately, more realistic models which include the effect of environmental 
variance on 'r' alter persistence times dramatically (Goodman 1987). Belovsky ( 1987) 
used Goodman's (1987) model (which incorporated environmental variance) and applied 
it to biogeographical data on the distribution of boreal forest mammals of different body 
sizes on mountaintops in North America. He found a close correlation between 
persistence times predicted by the model and those observed. Using these observations 
he estimated that mammals of fewer than l 0 grams would require population sizes in the 
order of 10,000 or more for a 95% probability of persistence for 100 years (but see 
Burgman et al. 1992 for a critical review of this study). It should be noted here, 
however, that the effect of environmental variance on persistence will vary dramatically 
depending on its relationship with the mean rate of increase (Lande 1993). If variance in 
'r' resulting from environmental variation is greater than 'mean r', then population size 
will have a much reduced effect on persistence time. 
Extinction via genetic stochasticity 
The genetic processes of inbreeding and genetic drift have also been linked to 
extinction in natural populations through their effect on the fitness of individuals within 
population (Frankel & Soule 1981). The maintenance of this fitness is a function of 
population size which affect the rate of inbreeding (Senner 1980). In small populations, 
individuals may be mating at random but still with genetically related individuals, causing 
an increase in the relative frequency of homozygotes in the population. In extreme cases, 
this can re ult in a reduction in average fitness levels (inbreeding depression) where 
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character that are clo ely linked with fitness ( uch as fertility and viability) are affected 
(Falconer 1981 ). 
7 
Two explanations are generally invoked to account for the phenomenon of 
inbreeding depression. First, inbreeding may cause the fixation of recess ive alleles which 
in turn will cause a decline in average fitness because disproportionate numbers of 
rece sive alleles are deleterious. Second, heterozygosity has been linked empirically to 
fitne (Soule 1980). That is , in some species, heterozygous individuals themselves 
appear to be fitter than individuals which are homozygous. Consequently, a decline in the 
number of heterozygous individuals in a population may cause a net decrease in average 
fitness. The mechanisms underlying heterozygote advantage are unclear but it may result 
from increased biochemical versatility possessed by heterozygotes (Falconer 1981 ). 
The extent to which genetic drift and inbreeding will affect population viability is 
still hotly debated (Lacy 1988; Lande 1988; Simberloff 1988) and its importance in the 
persistence of natural populations relative to demographic and driven causes is 
ambiguous (Lacy 1992; Caughley 1994; Caro & Laurenson 1994). Many organisms such 
as selfing plants are adapted to high levels of inbreeding and there are many documented 
example of island fauna ( e.g. Schmitt & White 1979; Soule 1980; Sarre et al. 1990) and 
specie experiencing population bottlenecks (Bonnell & Selander 1974) that have 
persisted for considerable periods of time despite low levels of genetic variation. Thus, 
generalisation concerning the susceptibility of species to genetic problems are not 
particularly meaningful. To date, there are no known cases of extinction or extirpation 
that can be unambiguously attributed to genetic causes alone (Caughley 1994 ). 
Population viability 
Attempts to model the relationship between stochastic proce es and extinction at 
the population level have focu ed on population viability analysis (Gilpin & Soule 1986; 
Shaffer 1990) or the related minimum viable population size (Shaffer 1981 , 1987). 
Population viability analy i i aimed at predicting the probability of persistence (without 
I, 
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lo of fitness or adaptability) of any population under scrutiny for a nominated period of 
time. Such analy is usually involves some form of simulation study and is increasingly 
being u ed as a basis for the assessment of extinction risk and subsequent management 
trategie (Murphy et al. 1990; Menges 1990; Burgman et al. 1992). In contrast, the 
minimum viable population size concept is aimed at defining the population size for a 
given specie at which it will not suffer from inbreeding depression or loss of genetic 
variation through genetic drift and at which it has a low probability of going extinct from 
demographic malfunction. 
There are a growing number of field studies of rare or endangered species of plant 
or animal using population viability analysis ( e.g. Shaffer & Sampson 1985; Suchy et al. 
1985; Murphy et al. 1990; Menges 1990; Burgman et al. 1992; Burgman et al. 1993) 
although few combine genetic and demographic components. One exception is the study 
reported by Burgman & Lamont (1992) and Burgman et al. (1993). Here, a model was 
developed for a single population of the Banksia cuneata which incorporated changes in 
inbreeding coefficients as a function of effective population size (and an estimated 
associated change in fecundity) with a stochastic, age-structured model. They found that 
the starting population size would need to be around ten for inbreeding to have an 
important impact on population size within four generations (100 years). As such, they 
observed that patterns of rainfall following periodic fires were more critical for short-term 
persistence than genetic considerations. 
There is no generally applicable minimum viable population size among species 
(or even populations within species) because the effects oLenvironmental and 
demographic variances are specific to particular species in particular habitats. However, 
evidence from empirical observations can at least provide some indication of the numbers 
required for a moderate level of persistence. 
Pimm et al. ( 1988) found that bird populations in the British Isles with a mean of 
5.1 to 12 pairs had a mean time to extinction of 7 .5 years. Similarly, Jones & Diamond 
( 197 6) compared the historical records of breeding birds on the Californian Channel 
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i land and noted that 39% of populations that originally numbered ten pairs or less went 
extinct over an 80 year period; this was a minimum percentage given that extinction 
followed by colonization may have occurred between censuses. The number of 
extinction decreased to 10% for populations numbering 10-100 pairs and only one 
extinction was recorded in populations of 100-1000 pairs. Further, in a study of 
Chaparral-requiring bird species in urban remnant habitat, Soule et al. ( 1988) found that 
populations estimated to have contained less than 50 individuals at the time of isolation 
had a very low probability of persisting over the 75 year period since isolation. These 
three examples indicate that, at least in the case of birds, populations of fewer than 10 
breeding pairs are extremely vulnerable to extinction. 
Thomas ( 1990) used data from long term studies on the variability in population 
size of birds and mammals (as reported by Pimm & Redfearn 1988) to estimate mean 
population sizes required to ensure persistence. He suggested that a population size of 
less than 100 was at a high risk of extinction (based on the studies by Pimm et al. ( 1988), 
Jones & Diamond (1976) and Soule et al. (1988) cited above) and calculated the 
geometric mean population size at which this value would not be reached more than once 
in 100 years. At the maximum magnitude of variance in population size reported by 
Pimm & Redfearn (1988), Thomas found that a mean population size of around 5,500 
was required to prevent the population size from falling below 100 individuals more than 
once in 100 years. If a low or average level of variability in population size was assumed, 
then Thomas suggested that the necessary mean population size might be around 500. 
It i important to emphasise that population viability models and estimates of 
minimum viable population size are often constructed on sparse field data, and the 
relation hip of their outcomes to actual rates or probabilities of extinction are largely 
untested. Few, if any, consider the fundamentals of ecology such as habitat, predation or 
competition (Boyce 1992), o the relationship between population viability analyses and 
Caughley' (1994) driven extinctions remain largely unexplored. The relative future 
importance of both modes of extinction is similarly obscure. 
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1.5 Metapopulation structure and population extinction 
So far, I have discus ed extinction in small populations only in the context of 
i olation. Another aspect of population persistence, particularly in the context of habitat 
fragmentation, is the interaction between populations. Island biogeographical theory has 
provided much of the basis for predicting the behaviour of populations of species with 
fragmented distributions (Diamond 1975; Wilson & Willis 1975; Diamond & May 1981; 
Willis 1984 ). These theories attempt to explain the empirical observation that the number 
of species present on an island increases with island area. One theory developed by 
MacArthur & Wilson (1963, 1967) predicts that the number of species present on an 
island will be detennined by a balance between its colonization and extinction rates. 
Critical to detennining these rates and hence the equilibrium level for any island are its 
distance from the nearest source of colonization (the shorter the distance the higher the 
colonization rate) and its area. Area is expected to be important because of its presumed 
correlation with population size. As discussed above, smaller populations are expected to 
be more vulnerable to extinction than larger populations. 
The notion of species numbers being detennined by a balance between 
colonization and extinction rates was used by Levins (1969, 1970) as the basis for 
examining the extinction dynamics of single species. Levins suggested that a species is 
comprised of a population of populations and that the extinction of a species is 
commensurate with the extinction of all its constituent populations. Thus, species 
extinction may not only be a function of the extinction at the population level but also of 
the interaction between populations. Levins used the term-'metapopulation' to describe a 
population of populations and defined its dynamics in terms of the proportion (p) of 
possible ites that support populations at time (t) and the mean extinction (e) and 
colonization (m) rates uch that 
dp/dt = mp (1-p) - ep 
This model has been further developed by other workers (Diamond 1975, 1979; Gilpin & 
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Diamond 1981; Wilcove etal. 1986; Gilpin 1987; Hanski 1991; Peltonon & Hanski 
1991; Han ki & Gy llenberg 1993) with the basic objective of defining the probability of 
the per i tence of a metapopulation under given circumstances. Clearly, in order for a 
metapopulation to persist, the rate of successful colonization must equal or exceed that of 
extinction of local populations. In this way, even if a species exists only in discrete, small 
and vulnerable populations, it may be able to persist in a region because its rate of 
colonization is high. In this thesis I will use the term population to refer to a group of 
interacting individuals occupying a discrete habitat remnant, whether they form part of a 
metapopulation or not. 
Harrison (1991) identified four basic metapopulation structures that may result 
from habitat fragmentation (whether natural or anthropogenic; Figure 1. 1). The first (type 
A), is that derived from Levins' model and is based on the rather restrictive (and unlikely) 
assumption that all populations have equal colonization and extinction rates. In this form, 
the metapopulation is maintained by constant recolonization among all sites. 
The second type of metapopulation (type B) is one of a large core population that 
is virtually immune from extinction and which supplies colonists to adjacent smaller and 
more vulnerable populations. This situation is relatively common among continental 
i lands (e.g. Gilpin & Diamond 1976, 1981; Schoener & Spiller 1987) and has been 
observed in at least one system of fragmented habitat (Harrison et al. 1988; Harrison 
19~). In uch a metapopulation it is likely that most local extinctions are relatively 
unimportant because they will occur in the smallest populations, which contribute least to 
the regional persistence of the species. However, species with poor colonizing ability are 
likely to uffer a range contraction in such a pattern of fragmentation, with the probability 
of being colonized decreasing with distance from the core areas. 
The third metapopulation tructure (Types C & E) is one of high inter-patch 
dispersal such that local extinction if it does occur is a rare and short-lived event. The 
probability of metapopulation extinction is low in this situation and very little 
differentiation among local populations would be expected. The probability of local 
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Figure 1.1 Types of metapopulation structure. After Harrison 
( 1991 ). Filled circles represent occupied patches; open circles 
represent unoccupied patches; A = Levins metapopulation ; B = 
core satellite; C = patchy population; D = non-equilibrium 
metapopulation; E = intermediate case that combines B and C. 
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population persisting is also likely to be enhanced by a rescue effect (Brown & Kodric-
Brown 1977) where local populations are topped up by immigration, thereby increasing 
population ize and reducing extinction risk. 
The final metapopulation structure (Type D) described by Harrison is the non-
equilibrium structure where there is little or no recolonization. Here, the regional 
persistence of the species relies upon the ability of local populations to persist. 
Documented examples of this type of metapopulation are few, but Brown ( 1971) found 
that effectively no colonization of mountaintops by small mammals (excluding bats) had 
occurred since they were isolated by climatic changes at the end of the Pleistocene. 
Clearly, an equilibrium model of metapopulation dynamics is inappropriate here, with the 
distribution of species on the mountaintops more likely to be a reflection of those that 
have been able to resist extinction than those that have been able to recolonize following 
extinction. 
Most studies that have examined the relationship between species persistence and 
extinction and colonization rates have looked at systems that were either island 
archipelagos (where it might be expected that the systems may in fact be in equilibrium) 
(e.g. Gilpin & Diamond 1976, 1981; Lomolino 1984; Baur & Bengtsson 1987) or 
amongst organisms that are highly vagile and may be expected to have high turnover rates 
(e.g. Fritz 1979; Bengtsson 1991). However, it is conceivable that in many cases one or 
more of the underlying assumptions of metapopulation models will not be met. In 
particular, populations that have undergone recent fragmentation may not yet be at 
equilibrium. 
The distribution of genetic variation within and among populations will be 
profoundly affected by the level of interaction between populations. Negligible levels of 
gene flow will increase genetic divergence among populations through genetic drift but 
will also promote inbreeding within populations with the attendant risk of reduced fitness 
(Frankel & Soule 1981). The source(s) of colonists and the extent of migration between 
population will be important in determining the degree to which populations diverge 
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from each other. For example, using population genetic models, Wade & McCauley 
( 1988) found that if colonizers of a patch are drawn at random from all other patches, 
then population differentiation would be small and relatively unaffected by extinction 
rates. If, on the other hand, colonizers were drawn from a single large source population, 
then genetic differentiation may be enhanced depending on the number of colonizers ( of 
extinct patches) relative to the number of migrants (between extant populations) and the 
extinction rate. Unfortunately, the influence of extinction, colonization and gene flow on 
levels of genetic variation in natural populations has been little studied (McCauley 1991 ). 
Changes in genetic variation among populations are likely to be very species-specific 
depending on the dispersal behaviour of the species in question and the action of natural 
selection upon individual populations. Most important will be the difference between the 
colonization and migratory behaviour of the species, the magnitude and timing of local 
population fluctuations, the incidence of extinction and the spatial distribution of patches 
and populations. 
1.6 Habitat fragmentation and extinction 
Habitat fragmentation can occur on many spatial and temporal scales and is 
integral to the distribution and abundance of plant and animal populations. It may occur 
because of local and regional variation in topography, climate or soils, because of 
vicariance events such as rising sea levels or river formation or through vegetation 
clearance by humans. It is habitat fragmentation from this latter agent that has been 
invoked a a major cause of species loss (Myers 1988). In this thesis, I will confine my 
use of the term to anthropogenic induced habitat fragmenta~ion. 
In some areas like the agricultural regions of southern Australia, habitat 
fragmentation has been both extreme and rapid, with over 90% of some regions cleared 
this century (Hobbs 1993 ). The impact on the biota of such extensive and rapid change is 
twofold. First, there is the broad-scale loss of vegetation and its associated decrease in 
habitat area and quality for the incumbent plant and animal species. Second, there is the 
fragmentation of habitat itself and its attendant implications for pecie persistence. 
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1. 6. 1 External influences 
Apart from the obviou effect of decreasing the available habitat, broad-scale 
clearing of vegetation will disrupt important ecosystem functions through microclimate 
change. In particular, changing from perennial vegetation cover to annual crops will alter 
radiation fluxes, both qualitatively and temporally, affecting air temperatures and 
radiation levels within remnant vegetation (Saunders et al. 1991). This will often have the 
effect of reducing humidity and increasing desiccation, particularly at the edge of 
remnants (Lovejoy et al. 1986). Vegetation clearance will also change the movement of 
wind through the landscape and alter water and nutrient cycles (Saunders et al. 1991; 
Hobbs 1993). This may cause increased wind damage to plants in remnants and 
increased levels of both wind and water erosion. As well as changes to surface water 
flow, changes in vegetation type may alter water table levels, flooding remnant vegetation 
or bringing salt to the soil surface in low lying areas (Hobbs 1993). Some of the most 
dramatic examples of this type of impact on ecosystems are the widespread and rapid 
desertification of large areas of the Sahel in Africa (Le Houerou & Gillet 1986) and the 
salinization of large areas of the Western Australian wheatbelt (Hobbs 1993). 
Contamination from the products of surrounding land use is another external 
influence on populations within remnant habitat. Many modem agricultural methods 
require the addition of chemical fertilisers, pesticides and herbicides, few of which are 
restricted to the land being used for crop or animal production (Janzen 1986). Inadvertent 
fertilisation through runoff and wind movement of top soil, particularly in nutrient poor 
soils, can have a marked effect on native vegetation, often ~ncouraging the growth of 
weed species at the expense of native plants (Hobbs & Huenneke 1992). Remnants in 
agricultural areas are also often open to grazing by stock and, inevitably, changes in other 
processe that may be critical to ecosystem function such as fire regimes (Janzen 1986). 
The impact of external agents upon incumbent populations following habitat 
fragmentation will be somewhat dependent on the characteristics of the remnant in which 
it reside . Of particular importance is the shape of the remnant (which determines the ratio 
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of edge to area of habitat) and its ize. The e propertie will influence the degree to which 
external factors uch as predation on bird ne ts (Yahner 1988; Paton 1994) and abiotic 
change will affect the viability of population within remnants. 
1. 6. 2 Population processes 
In addition to the external threats posed by changes to the surrounding landscape, 
population of organisms within remnants have to cope with the demographic and genetic 
problems (see Section 1.4.2) of persisting in small aad often insular populations. 
Metapopulation theory suggests that migration between populations can help sustain a 
pecie on a regional basis even if the populations on their own are unsustainable (Hanski 
1989; Hanski & Gilpin 1991). Thus, movement between remnants may be a critical 
component to regional persistence in a fragmented ecosystem. There are several factors 
that may be important to the ability of a species to move between populations. Of prime 
~oncern is the spatial scale and structure of fragmentation relative to the species in 
que tion (Rolstad 1991; Fahrig & Merriam 1994). Of comparable importance is the 
vagility of the species and its ability to successfully negotiate what might be a hostile 
intervening habitat. Some forest dwellers, for example, may be unable to persist for long 
enough in an intervening and comparatively barren landscape to find other suitable 
habitat. 
Clearly then, the distance between remnants relative to the species will be critical 
to metapopulation formation. Ameliorating conditions might include the degree of 
connection ( ometimes called connectivity) in which habitat corridors connect remnants 
-
and facilitate movement between them (although see Simberloff et al. 1992; Hobbs 1992, 
for critical reviews of this concept). Density-dependent emigration (Hansson 1991) may 
al o a i t in maintaining populations by initiating emigration from a population in one 
remnant that i close to carrying capacity to a less crowded remnant, thus helping to 
tabili e the populations of both remnants. On the other hand, interaction between 
population may also produce unde irable effects such as the tran fer of disease or 
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para ites between population which may hasten the demise of the metapopulation 
(Burdon 1993). 
1. 7 Habitat fragmentation and vulnerability to extinction 
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The ability to predict which species will be vulnerable to habitat fragmentation is 
an important problem in conservation biology, primarily because it will allow the early 
identification of species requiring management. Meaningful generalisations in ecology are 
rare and pecies vulnerability is likely to be no exception. Nonetheless, there are some 
broad principles arising from island studies and cases of extinction that may allow some 
useful distinctions to be made. From the preceding discussion, the characteristics most 
critical to the continued persistence of remnant populations will be their ability to: 
1 . cope with the changes in abiotic and biotic components of the ecosystem; 
2. colonize patches following an extinction event and exchange individuals between 
remnant populations; 
3. maintain viability within remnants. 
All three characteristics are related and the absence of one may be negated by the presence 
of the other ( e.g. an inability to maintain viable populations within remnants may be 
negated by the ability to move between remnants and form a viable metapopulation). In 
many cases, all three characteristics may be important. 
For a species to persist following habitat fragmentation, the resulting changes in 
its habitat must not fall outside its ecological, behavioural and physiological capabilities. 
If habitat changes within remnants are extreme or some critical component of the habitat 
-(such as a plant fruit species for frugivorous birds; Terbough & Winter 1980) is lost, 
then many dependent species will be unable to persist. In terms of the predictability of 
extinction from such proximal causes, a species with broad habitat and resource 
requirement i less likely to find itself outside its ecological niche than one which is 
more pecialised. Explicitly, habitat generalists should fare better than habitat specialist . 
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The degree to which a pecies can interact between remnant will depend on the 
ability and inclination of individuals or a group of individuals to leave their patch and 
ucce fully negotiate inho pitable intervening habitat as well as surviving and 
reproducing in the new habitat patch (Ebenhard 1991). Habitat generalism might also 
a si there by enabling individuals to move and survive in sub-optimal conditions en 
route to more appropriate habitat, thereby extending the species' range of migration. 
Another attribute that will contribute to colonization or migratory ability will be the 
intrinsic rate of increase of the species (i.e. how quickly after founding a population can it 
become large enough to reduce the probability of stochastic extinction). In this sense, 
colonization ability is merely a special case of extinction susceptibility. Social interactions 
may al o affect migration in a negative sense by preventing interbreeding between 
migrant and resident individuals (thus negating gene flow) and in a positive sense by 
encouraging migration to occupied remnants through conspecific attraction (Smith & 
Peacock 1990; Reed & Dobson 1993) and thus increasing the chance of successful 
migration. 
Within the framework of inter-population interaction, a species must be able to 
maintain population densities sufficient to achieve populations of viable size. Critical here 
are metabolic requirements which will vary among taxa. Reptiles, for example, have 
considerably lower metabolic rates (per body weight) than mammals and hence should be 
able to achieve higher population densities within similar sized remnants. Landbridge 
i land comparisons of mammalian and reptilian extinction rates demonstrate that reptiles 
do indeed have a lower extinction rate than mammals, sometimes by as much as an order 
-
of magnitude (Schoener 1983; Case & Cody 1987). Body size will also affect population 
den itie in remnant habitat, with density decreasing with increasing body size. 
Con equently , large body ize has been implicated in high extinction rates of birds and 
mammal on i lands (Terbough 1974; Willi 1974; Diamond 1984; Pimm et al. 1988) 
and of birds in remnant habitat (Soule et al. 1988; Kattan et al. 1994). 
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Other species characteristics such as individual life expectancy, intrinsic rate of 
increase and variability in population size will all affect persistence. Pirnm et al. ( 1988) 
made several generalisations concerning species vulnerability to extinction based on 
theoretical grounds and supported by evidence from extinction rates in island birds. The 
most relevant of these was that on an island (or remnant) with a small carrying capacity, 
small bodied, fast-growing, short-lived species will be more vulnerable than large-
bodied, slow-growing, long-lived species because variability in population size will be 
greater in the former group of species, making extinction through stochastic processes 
more likely. That situation will be reversed when an island has a large carrying capacity, 
because in the event of a crash in population numbers, species with a slow rate of 
increase will be at a small population size for longer and hence vulnerable to extinction 
for longer. 
1.8 Project scope and significance 
The overview of current understanding of population dynamics and effects of 
habitat fragmentation provided above shows that predicting species vulnerability to 
habitat fragmentation and understanding population processes following anthropogenic 
habitat fragmentation are extremely problematic. However, it is of prime importance that 
the issues and the problems are addressed, given the rapid rate of habitat destruction in 
many parts of the world. Although there is a considerable body of theory concerning the 
stochastic processes involved in fragmented populations, there is also a great paucity of 
field studies addressing the many aspects of population extinction (and persistence) in 
remnant habitat (as opposed to island studies). 
The major reason for the paucity of field studies is that most of the concepts (and 
their associated predictions) require the study of many generations of a given organism in 
the field. For example, metapopulation studies require systems in which rapid turnover of 
populations occurs. For most vertebrates, this would involve many years of research. It 
may also be that species with rapid population turnover are of minor concern for 
conservation compared with species which are less well adapted to the formation of 
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metapopulation . That is, pecies which are mo t suitable for metapopulation studies are 
probably tho e that are adapted to such a mode of persistence and have a naturally 
disjunct di tribution ( e.g. the pool frog in Sweden; Sjrogen 1991 ). Such interaction may 
be improbable for a species whose distribution has only recently been fragmented by 
habitat destruction. Minimum viable population theory also suffers from the specific 
nature of its application and the number of generations required in which to test a given 
model. Field verification will in most cases be impossible in a researcher's lifetime and 
often undesirable given the usually threatened status of the species to which that type of 
analysis is applied. Experimental manipulations of vertebrate species will often suffer the 
same restrictions. 
If extinction theory is to be subject to field verification and made relevant to 
conservation problems, then ways must be found to test the models and concepts 
discussed above. One method is through comparative study. Island biogeography has 
been a fruitful source here but often suffers from large isolation times which make 
interpretation of trends open to ambiguity. Another avenue of comparative study that is 
also very relevant to contemporary conservation issues is the study of ecosystems that 
have recently been fragmented through habitat destruction and for which considerable 
pre-fragmentation information is available or can be deduced. Such studies can provide a 
temporal perspective on extinction processes over tens of generations through permitting 
considerable control of sampling strategies. Consequently, I have chosen this latter 
method to study extinction and .have selected an area in the Western Australian wheatbelt 
in which extreme and recent habitat fragmentation is well documented. In this study the 
following four main objectives have been addressed: 
1. Examine the proposition that habitat generalists will cope better with the effects of 
habitat fragmentation than habitat specialists. I do this by comparing the distributions of 
two pecies of gecko ( Oedura reticulata and Gehyra variegata), one a habitat specialist 
relative to the other, in remnant vegetation in the Western Australian wheatbelt. 
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2. Define, by compar"ative tudy, those features of the two species and the landscape in 
which they exist that are important to their current and future levels of persistence. In 
particular, I examine the propo ition that 0. reticulata has a lower rate of remnant 
occupancy than G. variegata because it forms smaller populations in remnants than 
G. variegata, is unable to form a metapopulation or cannot cope with environmental 
changes caused by habitat clearance. This was investigated by modelling distribution 
patterns using logistic regression and by examining the demographic and morphological 
characteristics of strategic remnant and 'pristine' populations of both species. I also use 
variation in mitochondrial DNA to examine metapopulation structure and deduce recent 
changes in populations of 0. reticulata. 
3. Examine morphological variation among populations for evidence of a morphological 
response to the effects of habitat fragmentation. 
~- Use the conclusions gathered to assess some of the more general principles of 
extinction processes in highly fragmented ecosystems as well as their relevance to reptile 
conservation in Australia. 
CHAPTER2 
Biology of Oedura reticulata and Gehyra variegata and study 
site description 
2.1 Life history characteristics 
2.1.1 Oedura reticulata 
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The genus 0edura is widespread across most areas of Australia (Cogger 1992) 
but the Reticulated Velvet Gecko ( 0edura reticulata; Bustard) is the only 0edura in 
southern Western Australia and is restricted to the southwest corner of the State. Until 
recently, 0. reticulata was believed to be rare (Jenkins 1979). However, surveys of the 
Western Australian wheatbelt by Kitchener et al. ( 1980) and Chapman & Dell ( 1985) 
revealed them to be quite common in that region although their distribution is restricted 
to smooth-barked Eucalyptus woodland vegetation associations. Most of what is known 
about the biology of this species derives from the study of a single population in a one 
hectare patch of remnant vegetation (containing the smooth-barked eucalypts 
E. salubris and E. salmonophloia) near Konnongorring in the Western Australian 
wheatbelt (How & Kitchener 1983; Kitchener et al. 1988; Table 2.1). The following 
description of the biology of 0. reticulata is taken from that study. 
0edura reticulata is almost completely arboreal and was rarely observed on the 
ground within the vegetation remnant and never in the surrounding fields. Moreover, 
movement within the remnant is probably restricted to associated clumps of trees. On 
average, individuals of 0. reticulata occupy less than two trees, with adults of both 
sexes often captured together. They prefer smooth-barked Eucalyptus species over the 
rough-barked york gum (E. loxophleba) and apparently favour E. salubris as a home 
site because of the substantial amounts of dead wood (which serve as shelter) often 
present in that species. They exhibit a large vertical distribution (0 - 10 m). 
0. reticulata i nocturnal, appearing immediately after dusk and becoming increasingly 
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TABLE 2.1 Summary comparison of basic life history parameters for the 
Konnongorring populations of O. reticulata and G. variegata. Modified from 
Kitchener et al. (1988). * Estimated from the frequency of use of perch sites. 
SVL = Snout Vent Length. 
Species characteristics O.reticulata G.variegata 
Habitat breadth* 1.276 5.161 
Adult sex ratio -1:1 
- 1:1 
Sexual dimorphism fem ale > male female= male 
Longevity (years) 
- 14 -14 
Annual population survival (x±SD) (%) 82.5 + 6.8 86.7 + 3.4 
Estimated survival to 24 months (%) 33-50 39-50 
Adult females gravid each season (%) - 100 100 
Clutch size 2 1 
Clutches/season 1 2 
Age at sexual maturity (years) -4.8 - 2.8 
Mean SVL of reeroductive female (mm) 64.4 + 4.1 49.9 + 3.2 
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active at ambient temperature > l 5° C. Although they could be termed habitat 
speciali t , 0. reticulata are reasonably catholic in their diet, dining on termites, 
cockroache , piders, grasshoppers and moths. 
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0edura reticulata are long-lived with some individuals observed to live up to 14 
year of age (R. How personal communication), while average life expectancy for 
young of the year is about 4.6 years. Population size varied little over three years of 
observation in the Konnongorring study, fluctuating from 119 to 91 individuals. 
Population size tends to peak in March with the advent of new hatchlings into the 
population. Female 0. reticulata do not reproduce until about 4.8 years, after which 
they produce a single clutch of two eggs per year. 
2.1.2 Gehyra variegata 
The Tree Dtella ( Gehyra variegata; Dumeril & Bibron) is widely distributed 
over the southern half of Australia (Cogger 1992), although its current systematic status 
is uncertain, primarily because of chromosomal variation (King 1979; Moritz 1986; 
Cogger 1992). Chromosomes from the Gehyra populations used in this study were not 
examined, but 2n=40B is the only chromosome race found in the region (C. Moritz 
personal communication) and so is probably the form of G. variegata studied here. The 
ecological characteristics of G. variegata have been studied in considerable detail by 
several researchers (Bustard 1967, 1968, 1969, 1970; How & Kitchener 1983; Moritz 
1987, 1992; Henle 1990; Kitchener et al. 1988). Although these studies were probably 
carried out on different chromosome forms, many life history characteristics are shared 
between them. A summary of the life history characteristics of G. variegata obtained 
from a long-term population study in the same remnant described above for 
0. reticulata i provided in Table 2.1. 
Gehyra variegata is a habitat generalist, living above the ground in tree trunks 
or on hrub and in logs and fallen timber on the ground (Bustard 1968; Kitchener et al. 
1988). Individuals of the pecies can al o be found under rock or in highly di turbed 
I· 
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habitats (Kitchener et al. 1988; per onal observation). They are quite mobile, being able 
to rapidly recolonize di tance of up to 50 metre (Moritz 1987) and show little genetic 
differentiation over considerable distances (Moritz 1992). They feed mainly on a wide 
range of arthropods but have also been observed feeding on the sap of Acacia 
acuminata (Bu tard 1968; Kitchener et al. 1988; Dell 1985). 
Female G. variegata are gravid between October and Mid January, laying a 
single egg in two separate clutches. A very high percentage of adult females are gravid 
each year with Bustard (1968) recording 90% and Kitchener et al. (1988) 100%. Sexual 
maturity is attained when approaching two years of age but breeding does not occur 
until the third year (Kitchener et al. 1988). Mean life expectancy for young of the year 
was 4.5 years in the Konnongorring population (Kitchener et al. 1988) and they may 
live in excess of 1 years (R. How personal communication). 
2.2 Study site description 
2.2.1 Regional description 
The study area is 1,680 square kilometres, lying between Kellerberrin and 
Trayning in the Western Australian wheatbelt approximately 200 km east of Perth 
(Figure 2.1). The district is gently undulating, with low relief (100 m) and occasional 
granite outcrops (Beard 1980) and has been described in detail by Arnold & 
Weeldenburg (1991) and Saunders et al. (1993). Approximately 93 % of the original 
vegetation has been cleared for agriculture since 1900 (Hobbs 1993), leaving over 450 
vegetation remnants (Figure 2.2). These range in size from less than one hectare to 
1,190 hectare (Arnold & Weeldenburg 1991). The dominant agricultural activity is 
wool and wheat production. 
The di tribution of habitat suitable for 0. reticulata (i.e. vegetation associations 
containing E. salubris and E. salmonophloia as well as those containing E. wandoo 
which i al o favoured by 0. reticulata ) before clearing has been mapped (McArthur in 
pre ; M. Brooker per onal communication) and are presented in Figure 2.2. Thi figure 
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Figure 2.1 The location of the study area (dark shading) near Kellerberrin in 
Western Australia. The lightly shaded area represents the extent of the Western 
Australian wheatbelt. 
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Figure 2.2 The known distribution of Oedura reticulata and Gehyra variegata 
within the study area. The lightly shaded area represents the distribution of habitat 
suitable for O. reticulata before clearing (from McArthur_ in press; M. G. Brooker 
personal communication). Remnant vegetation is represented by the dark shading. 
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ugge t that the likely di tribution of 0 . reticulata within the study area before 
European ettlement wa wide pread but discontinuous. The current known distribution 
of 0. reticulata in the study area (Figure 2.2) supports the notion that the species wa 
wide pread. G. variegata also shows a wide current distribution (Figure 2.2) and given 
its broad habitat preferences was probably distributed over most of the region prior to 
clearing. 
2.2.2 Remnants used for population studies 
Since 0. reticulata is most commonly found on smooth-barked eucalypts such 
as E. salubris and E. salmonophloia, the study was restricted to woodland remnants 
containing these two species. All remnants included in the presence/absence surveys 
(Chapter 3) and in the population studies (see below; Chapters 4, 5, 6, 7) were unfenced 
and located within paddocks used for sheep grazing and wheat production. 
To examine population processes occurring within remnants, populations in 
twelve woodland remnants isolated between 1909 and 1936 were surveyed and 
compared with populations in three nature reserves (Kodj Kodjin, North Baandee and 
East Yorkrakine; Figure 2.3). All remnants are now separated by land used for wheat 
and sheep production. The remnants range in size from 0.37 ha to 5.4 ha and were 
chosen to conform as closely as possible to four size classes;< 0.4 ha (Very Small), 
0.5 - 0. 7 ha (Small), 1.4 - 2.8 (Medium) and 4.0 - 5 .4 ha (Large). The remnants were 
clustered (numbered 1 to 3; Figure 2.3) for geographic replication. All remnants have 
been grazed regularly since clearing, have little or no shrub understory and are 
-
dominated by the woodland tree species Eucalyptus salubris and E. salmonophloia. 
Biogeographical details of those remnants are provided in Table 2.2. Two of the 
remnant (2 Medium and 3 Very Small) did not contain populations of 0. reticulata 
and one (2 Very Small) contained only two individuals in 1990/91 and none in 1991/92. 
In contrast to the vegetation remnants, the nature reserve woodlands generally 
contain ignificant hrub understory consisting of Acacia, 0learia , Eremophila, 
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Figure 2.3 The twelve woodland remnants and three nature reserves selected for the 
demographic studies of Oedura reticulata and Gehyra variegata. The lightly shaded 
region represents the probable distribution of vegetation containing smooth-barked 
eucalypts before clearing. The remnants are divided into size classes: VS = Very 
Small; S = Small; M = medium; L = Large; NR = nature reserve. 
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TABLE 2.2 The biogeographical details of all remnants surveyed. The number 
prefixed to each remnant refers to the replicate within which the remnant is located 
(see Figure 2.3). The number of logs = number of logs > 0.25 m circumference; 
* CSIRO code number; those prefixed with an 'S' refer to remnants not identified with 
a CSIRO number. Gehyra variegata was present in all remnants. 
Remnant Remnant Area Remnant Dist. to Number Oedura 
Number* (ha) age nearest of reticulata 
(yrs since woodland Logs present/ 
clearing) (m) absent 
1 Very Small S84 0.37 54 500 8 1 
1 Small 170 0.48 78 200 44 1 
1 Medium 171 1.40 78 150 35 1 
1 Large 183 4.00 54 350 352 1 
2 Very Small S147 0.30 70 400 15 1 
2 Small 168 0.56 70 250 40 1 
2 Medium 222 2.80 75 250 0 
2 Large 216 4.00 75 600 300 1 
3 Very Small S167 0.40 73 600 6 0 
3 Small 175 0.62 60 1000 41 1 
3 Medium 469 2.20 75 550 55 1 
3 Large 442 5.40 75 450 226 1 
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Scaerola, Enchylaena and Santalum species (Muir 1978, 1980; L. Atkins personal 
communication). These re erves are among the largest in the study area (300, 174 and 
80 ha re pectively) and were selected because they contained E. salubris!E. 
salmonophloia vegetation as ociations. To ensure that population variation observed 
within the nature reserves was not an artefact of sampling a larger area, surveys were 
restricted to an area of four hectares of E. salubris and E. salmonophloia vegetation 
31 
a sociation within each reserve. Sampling was carried out between September 1989 and 
February 1992 - less than one generation for both species. 
,, 
CHAPTER3 
Persistence of Oedura reticulata and Gehyra variegata 
in remnant habitat 
3.1 Introduction 
32 
Clearing natural vegetation for agriculture or other development has occurred at 
an unprecedented rate in recent centuries. The survival of species within a landscape of 
fragmented natural habitat will depend on the ability of each species to exploit new 
habitats such as agricultural lands and to cope with the changes in their habitat. These 
changes include a reduction in the area of available habitat, changed spatial 
relationships of habitat, increased fluxes of solar radiation, wind and water and the 
disruption of ecological processes such as nutrient cycling, energy transfer, competition 
and predation (Saunders et al. 1991). 
One major consequence of clearing nati'v'e vegetation is that continuous or near 
continuous populations of species are broken into smaller and more insular local 
populations. Small populations are likely to be more vulnerable to extinction through 
stochastic demographic, genetic and environmental processes (Shaffer 1987) although 
what constitutes a minimum viable population size is contentious (Shaffer 1981; Soule 
1987; Nunney & Campbell 1993) and will vary between species and ecosystems. The 
relative importance of extinction pressures related to population size, as opposed to the 
driven causes of extinction (Caughley 1994), is difficult to assess. In many cases of 
human induced habitat fragmentation, the minimum viable population size may be 
irrelevant because, regardless of the population size of the species, it is unable to cope 
with the array of changed conditions and becomes locally or even regionally extinct. 
The probability of the regional extinction of a species in a fragmented landscape 
will also be affected by the interaction between sub-populations of that species. If a set 
of populations interact on a regional basis (i.e. form a metapopulation: Levins 1970; 
I 
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Gilpin 1987; Hanski & Gilpin 1991 ), then the extent and nature of the extinction rate 
will be affected (Opdam 1990; Harrison 1991; Verboom et al. 1991). Harrison (1991) 
has described four basic model of equilibrium and non-equilibrium metapopulation 
tructure ( ee Section 1.5), but as yet few studies of metapopulation dynamics have 
been applied to recently fragmented ecosystems. Thus the importance of 
metapopulations to the conservation of species in fragmented ecosystems remains 
unclear. 
In this chapter I examine the relative abilities of 0edura reticulata and Gehyra 
variegata to persist in a fragmented environment. The hypothesis tested is that the 
habitat generalist G. variegata will exhibit a higher degree of persistence in habitat 
remnants than the habitat specialist. A second, related prediction derived from island 
biogeographic theory (MacArthur & Wilson 1967) is that the rate of extinction of 
populations of both species will be related to the size of the habitat remnant, the 
distance to the nearest source population and the time since isolation. Specifically, the 
extinction rate is expected to increase with decreasing remnant size, increasing distance 
between remnants and increasing time since isolation. 
3.2 Materials and methods 
3.2.1 Sampling 
The presence or absence of both species of gecko was determined by surveying 
32 vegetation remnants (31 for G. variegata because its absence could not be confirmed 
in one remnant) in October-November 1989, January 1991 and February 1992. These 
remnants represent the total number of remnants containing homogeneous stands of E. 
salubrisl E. salmonophloia in the study area that have not been cut (i.e. harvested for 
timber) or burnt since isolation and that were isolated before 1937. Although some 
variation in mooth-barked eucalypt size structure was observed between remnants , an 
intensive urvey of habitat usage by 0. reticulata in three of the remnants ( 168, 170, 
175 - Chapter 4), found no preference by 0. reticulata for any of the tree characteristics 
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(height, height of bole, diameter, degree of senescence, crown depth, number of trees 
with touching crowns, crown density and foliage cover) measured. Consequently , no 
asse ment of smooth-barked eucalypt variation was made in the surveys described 
here. Each remnant was surveyed by two observers for a minimum of two hours ( or 
until both pecies were observed) from dusk onwards using head torches. More 
intensive urveys in several of the remnants (Chapters 4 & 6) showed that even at very 
low population densities both species are usually observed within 30 minutes of 
commencing the survey. Intensive hand searching was carried out during the day if one 
or both of the species were not seen during the night surveys. If the species was still not 
found it was deemed absent from the remnant. 
3.2.2 Environmental variables and data analysis 
Six variables that may be important to the persistence of 0. reticulata (but not 
G. variegata which was present in all but one of the remnants) were measured. These 
were Owner, Area (ha), Total number of trees, Total number of smooth-barked 
eucalypts (E. salubris + E. salmonophloia), Distance from the nearest woodland (m) 
and Years since isolation). The variable 'Owner' was included to account for possible 
variation in management practices between owners that may affect the persistence of 
0. reticulata. In the majority of cases, the remnants had either been managed by the 
same family or by the same pair of owners since clearing. The area of each remnant and 
the distance between remnants were calculated from aerial photographs. The total 
number of trees and the total number of smooth-barked eucalypts were obtained by total 
counts within each remnant while the time since clearing w_as obtained from extensive 
urvey of all current and past land holders (Arnold & Weeldenburg unpublished data). 
If an exact clearing date was not available, then the midpoint of the estimated limits of 
the time of clearing was used. A further three variables, the proportion of the total 
number of trees that were smooth-barked eucalypts, the density of smooth-barked 
eucalypt (tree per hectare) and the density of total trees were also calculated to 
determine if habitat den ity wa important to the per istence of 0. reticulata. 
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Becau e the respon e variable has a binomial distribution, logi tic regre ion 
analy i wa used to determine the relationship between the presence of 0. reticulata in 
vegetation remnants and the variables. The continuous variables were fitted as both 
linear and quadratic function to test for possible curvature in the re ponse. Each 
independent variable was added to the null model and its level of ignificance 
determined u ing the change in deviance of the fitted model from that of the null model 
(Nicholl 1991 a & b ). The variable that accounted for the greatest change in deviance 
was included in the model and then all other variables were added again, in turn, to 
determine if they significantly improved the model. This process was continued until no 
additional variables significantly improved the model. The statistical package GLIM 
(McCullagh & Nelder 1989) was used for all modelling. 
3.2.3 Movement between adjacent populations 
To obtain a measure of the extent of movement into and out of the remnants, 53 
pitfall traps ( 45 cm X 30 cm) were installed at a spacing of 7 m, l 5 m beyond the edge 
of remnant 170 (Figure 3.1). A fibreglass drift fence (30 cm in height) was erected 
between the pitfalls so that the remnant was surrounded. Two in every three pitfalls 
were fenced in a manner that ensured only those animals entering the remnant from the 
urrounding wheat fields could fall into them. The remaining pitfalls were fenced so 
that only the animals leaving the remnant could be captured. Both species have been 
caught in identical pitfalls used in other studies (G. Smith personal communication). 
3.3 Results 
3.3.1 Distribution of 0. reticulata and G. variegata 
The per i tence of the two pecies within the woodland remnants varied 
markedly. 0. reticulata wa ab ent from 28 % of the remnants (Table 3 .1; Figure 3 .1 ), 
wherea G. variegata wa ab ent from only one remnant (Table 3.1 ). Consequently, a 
logi tic regre ion model could only be developed for 0. reticulata. Five variables: 
remnant ize, total number of tree total number of E. salubris, total number of E. 
,, 
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Figure 3.1 The vegetation remnants surveyed for the presence or absence of Oedura 
reticulata. Solid circles = 0. reticulata present; Open circles = 0. reticulata absent. 
The lightly shaded area represents the distribution of habitat suitable for O. reticulata 
before clearing (from McArthur in press; M. G. Brooker personal communication). 
Remnant vegetation is represented by the dark shading. The remnant numbers are 
those designated by CSIRO or this study (see table 3.1). 
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TABLE 3.1. The data collected for each vegetation remnant surveyed. Ren1nant = the number designated for each remnant by 
CSIRO (M. Brooker pers. comm.), where prefixed by S there is no CSIRO number; Owner= current owner; E. salub. = 
Eucalyptus salubris; E. salm. = E. sabnonophloia; 1 = present; 0 = absent. 
Remnant Owner Size Dist.to nearest Year(s) Years since No. No. Total Presence/ 
(Ha) woodland of isolation isolation E.salub. E.sa lm. Trees absence 
(m) 
~ Oedura Cehvra ~ 
46a Dixon 1.0 100 1920-40 60 177 12 190 I I ~ 
Beresford 0.6 250 1920 70 138 0 138 -168 I I ~ 
170 Anderson 0.5 200 1912 78 89 28 119 I I 
.., 
v..) 
171 Anderson 1.4 150 1912 78 140 0 160 
175 Gorfin 0.6 1000 1930 60 76 10 108 I I ~ 
183 Barnes 4.0 350 1936 54 443 0 449 I I ~ ~ 185 Riley 3.0 400 1915 75 304 0 320 I I ..... t.-i 216 Ryan 4.0 600 1909-20 75 570 0 570 I I 
-~ 217 Laird 3.5 0 1925 65 951 13 970 I I ;::: (") 
220 Reedy 2.9 300 1920 70 279 4 297 0 0 ~ 
222 Reedy 2.8 250 1910-20 75 190 7 219 0 I ~ 223 Reedy 6.5 300 1910-20 75 270 45 315 I I a 269 Dixon 2.3 0 1910-20 75 291 9 300 I I . 
277 Leake 4.0 50 1920-40 60 314 159 473 I I ~ 
303 Moore 3.0 1100 1930 60 206 4 270 0 I ;:J'-. (") 
313 Leake 3.7 900 1910-20 75 307 0 313 I I ;: 
...... 
319 MacNei l 1.8 180 1910-20 75 120 88 208 I I ~ 
-442 Reed 5.4 450 1910-20 75 350 21 405 I I ~ 
443 Ryan 0.8 800 1909-25 73 68 0 69 0 I Re 
444 Ryan ' 1.0 800 1909-25 73 49 0 52 I I 0 446 Nock 5.6 800 1910-20 75 200 124 334 I I ~ 
449 Rolston 3.7 0 1930-40 55 520 150 800 I I ~ 
46 1 Hocki ng 8.0 50 1925-30 63 497 50 606 I I :::3. ~ 
469 Nock 2.2 550 1910-20 75 191 5 196 I I O'Q ~ S84 Barnes 0.4 500 1936 54 6 8 33 I I 
-~ S85 Barnes 0.8 700 1936 54 60 0 60 I 
Sl28 Anderson 0.1 350 1920-40 60 14 0 14 0 
Sl36 Enright 0.1 300 19 10-20 75 8 0 8 0 
Sl43 Beresford 0.5 600 1926 65 15 () 40 0 
Sl47 Beresford 0.3 400 1920 70 17 () 21 I 
Sl67 Ryan 0.4 600 1909-25 73 13 3 24 0 
Sl73 Nel son 0.1 300 1910-20 75 22 () 22 0 
J 
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salmonophloia and total number of mooth-barked eucalypts were each significantly 
correlated with the pre ence of 0. reticulata with the latter being the most ignificant 
(X2 = .03, p < 0.005, df= l; Table 3.2). Intere tingly, neither time ince isolation nor 
di tance to the nearest woodland were significant explanatory variables for the presence 
of 0. reticulata. The size of each remnant and the distance to the nearest woodland 
aried over everal order of magnitude (0.1 ha to 8.0 ha for the former and O m to 
1,100 m for the latter; Table 3.1), providing a good range with which to examine the 
effects of the e variable on persistence. In contrast, the difference between the age of 
the remnant wa small (54 to 78 years; mean= 69, SD= 8.0) which may preclude the 
po sibility of obtaining a significant relationship between age and the presence of 
0. reticulata if the relationship is weak. 
The 32 remnants sampled were on properties owned by 19 different farmers 
with no more than three remnants per owner. This kind of ownership pattern minimises 
the po ibility that any patterns observed in the regression analysis were merely 
artefacts of the land management practices of individual owners. The lack of 
ignificance of the variable "Owner" in the regression model supports this view. The 
mooth-barked eucalypt species (E. salubris and E. salmonophloia) preferred by 0. 
reticulata were the most numerous tree specie (>64%) in all remnants except S84 
(42%) and S 147 (37%) which contained several mallee form and rough-barked 
eucalypts. After the most significant variable 'Total number of smooth-barked 
eucalypt ' was fitted to the data, no other variable contributed significantly when added 
to the model. Thus the best explanatory model took the form 
p = e-0.4492+0.008275 T/(1 +e-0.4492+0.008275T) 
(where p= probability that 0. reticulata is present, T= total number of mooth-barked 
eucalypt in the remnant). Thi model estimate the probability that 0. reticulata will 
occur in a given remnant (Figure 3.2). Figure 3.2 uggests that remnants with a total of 
411 mooth-barked eucalypt will have a 95 % probability of containing 0. reticulata 
after the mean time interval of 69 year , but it al o indicate that the probability of the 
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TABLE 3.2 Summary of the fitted statistical model to estimate the presence of 
Oedura reticulata in remnant patches of vegetation. The variables are Owner= 
current owner; size = area of remnant (hectares), distance = distance from the 
nearest woodland (m), age = years since isolation, E. salubris = the number of 
E. salubris per remnant, E. salmonophloia = the number of E. salmonophloia 
per remnant; total trees= the total number of trees per remnant; smooth-barked 
eucalypts = total number of E. salubris + E. salmonophloia. The model 
assumes a binomial distribution for O. reticulata. The levels of significance (ns 
p>0.05, *0.05>p<0.01; **0.0l>p>0.005; *** p<0.005) refer to the change in 
deviance associated with the term added at each step. 
Model Deviance d.f. 
Null model: 38.02 31 
owner 15.28 13 
SIZe 33.22 30 
distance 36.80 30 
age 37.83 30 
E. salubris 31.19 30 
E. salmonophloia . 30.89 30 
smooth-barked eucalypts 29.99 30 
total trees 30.80 30 
smooth-barked eucalypts/total 36.52 30 
smooth-barked eucalypts/size 36.90 30 
total trees/size 37.15 30 
Current model: 
smooth-barked eucalypts 29.99 30 
+owner 8.29 29 
+size 29.41 29 
+distance 29.86 29 
+age 29.68 29 
+total trees 27.83 29 
+total trees/size 29.58 29 
+smooth-barked eucalypts/total 29.95 29 
+smooth-barked eucalypts/size 29.70 29 
Final model: 
smooth-barked eucalypts 29.99 30 
Change in 
deviance 
22.75 
4.80 
1.22 
0.19 
6.83 
7.13 
8.03 
7.20 
1.50 
1.12 
0.87 
21.69 
0.58 
0.13 
0.31 
2.16 
0.41 
0.04 
0.29 
- 8.03 
d.f. p 
18 ns 
1 * 
1 ns 
1 ns 
1 ** 
1 ** 
1 *** 
1 ** 
1 ns 
1 ns 
1 ns 
18 ns 
1 ns 
1 ns 
1 ns 
1 ns 
1 ns 
1 ns 
1 ns 
1 
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Figure 3.2 Logistic regression of the probability that Oedura reticulata is present in 
a vegetation remnant and the total nmnber of trees in the remnant. The solid circles 
represent re1nnants which contained (probability of presence = l) or did not contain 
(probability of presence= 0) 0. reticulatc1. 
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presence of the pecies drops harply below this number of trees. This implies that there 
i a thre hold amount of habitat, beyond which there is a high probability that the 
pecie will be present. Below thi threshold, the probability of persistence drops to 
where a population in a remnant containing 55 smooth-barked eucalypts has only a 
50% probability of persisting for 69 years. 
3.3.2 Movement between adjacent populations 
The pitfall trapping over the summer of 1990/91 around remnant 170 
demonstrated that even at a time of peak activity, neither species exhibited a high 
propensity for dispersal beyond the boundaries of the remnant. In a total of 3,445 pitfall 
nights between November 5, 1990 and January 20, 1991, a single G. variegata was 
captured on the inside of the drift fence (i.e. leaving the remnant). Neither species was 
captured in the pitfalls outside the drift fence, although remnant 170 was only 200 m 
from the nearest woodland ( a roadside verge known to contain 0. reticulata ) and 500 m 
from remnant 171 (known to contain both species). Although this cannot be construed 
as evidence for zero movement between the remnants, it certainly suggests that rates of 
dispersal are low for both species. This evidence is supported by the findings of 
Kitchener et al. ( 1988) who, over a three year period of capture-mark-recapture 
sampling in a habitat remnant, captured only one unmarked adult 0. reticulata and ten 
unmarked adult G. variegata that were possible immigrants. 
3.4 Discussion 
The survey of woodland remnants in the Kellerberrin region demonstrates quite 
clearly that in terms of persistence, the habitat generalist G. variegata has coped 
considerably better with the changes wrought by habitat clearance than the habitat 
peciali t 0. reticulata. Although G. variegata was almost certainly more widespread 
than 0 . reticulata before clearing, the remnants that did not contain 0. reticulata were 
all formerly part of larger regions of woodland that are likely to have contained both 
pecie . In mo t cases, remnants that did not contain 0. reticulata were in the same 
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paddock or within a few hundred metres of woodland that did contain the species. 
Current ab ences are thus likely to be due to extinction rather than absence at the time 
of remnant formation. 
The significant correlation of total number of smooth-barked eucalypts with the 
presence of 0. reticulata suggests that habitat quantity is important in determining the 
likelihood that a population of 0. reticulata will have persisted to the present time. The 
high proportion of absences of 0. reticulata in the small remnants (low tree numbers) i 
consistent with island biogeographic theory (MacArthur & Wilson 1967) which 
predicts that populations on small 'islands' will have a greater probability of extinction 
than populations on larger 'islands'. The underlying basis for this prediction is that small 
'islands', by implication, will contain small populations which are more vulnerable to 
stochastic genetic, demographic and environmental extinction processes (MacArthur & 
Wilson 1967; Shaffer 1981; Goodman 1987). 
Although the presence/absence data for 0. reticulata are consistent with 
minimum viable population size theory, it is important to make the distinction between 
the effects of habitat per se and the population level phenomena that may be causing 
the ultimate demise of the species in local populations. There are many poss ible causes 
of local extinction besides those related to stochastic processes but which may also be 
related to remnant area. These include insufficient resources, increased predation and 
greater influence of external factors such as edge effects, where smaller remnants have 
a proportionately larger edge than large remnants. The data presented here do not 
discriminate between these possible causes, although it is interesting that the index of 
habitat ize (total number of smooth-barked eucalypts) has a higher statistical 
significance than the correlated variable of remnant size. This implies that the limit on 
population ize provided by habitat availability may be more critical to persistence than 
actual remnant area. 
In contrast to 0. reticulata, there appears to be no lower size limit to habitat 
remnant in which G. variegata can persist. Two explanations are po ible for this 
I , 
Chapter 3 - Persistence of 0. reticulata & G. variegata 43 
result. Fir t, G. variegata may have some innate characteristic that allows it to persist in 
small habitat remnants. This means that the changes to the ecosystem caused by 
fragmentation have not been detrimental to G. variegata ( e.g. food and shelter have 
been sufficiently abundant and changes in predation have been insufficient to cause 
extinction), but it would also mean that this species has been able to maintain 
populations of sufficient size in even very small remnants to avoid extinction through 
tochastic processes. Demographic extinction models developed by Goodman ( 1987), 
Kinnaird & O 1Brien (1991) and others suggest that when environmental variation is 
included in extinction models, quite large population sizes are required for even 
moderately short persistence times. Evidence gathered from several of the remnants 
included in this study (Chapter 6) suggests that population sizes of G. variegata within 
the remnants are often very small (sometimes fewer than 20 individuals) and well 
below the hundreds suggested by some for moderate persistence over 23 generations . It 
is therefore unlikely that these populations are persisting for long in complete isolation. 
The second explanation for the higher persistence levels of G. variegata is that it 
is able to move between the remnants and consequently the district population has a 
spatial structure that approximates a metapopulation (a group of interacting local 
populations: Gilpin 1987; Harrison 1991) rather than a series of insular populations. 
Such a structure would promote high levels of remnant occupancy through the 
recolonization of remnants following extinction events or the 1topping up' (Brown & 
Kodrik-Brown 1977) of extant populations from adjacent or nearby populations. In 
either case, the high occupancy rate exhibited by G. variegata suggests an equilibrium 
rather than a non-equilibrium metapopulation structure. 
Several characteristics of G. variegata suggest that some movement between 
remnant i likely and that it could form a metapopulation in the Kellerberrin region. 
For example, it is a highly mobile species and exhibits rapid rates of recolonization 
(Moritz 1987) and high levels of gene flow over several kilometres (Moritz 1992). It i 
also unlikely that cleared land will represent a complete barrier to movement given that 
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they have been found in highly disturbed areas (Kitchener et al. 1980; Kitchener 1982; 
Kitchener et al. 1988; S. Sarre personal observation). However, the evidence from 
pitfalling (this study) and from the intensive mark-recapture study of Kitchener et al. 
(1988) suggests that rates of movement between remnants if they do occur will be low. 
Consequently, any metapopulation structure is likely to be similar to the type 'C' 
structure de cribed by Harrison (1991 ), where extinction and dispersal rates are in 
approximate equilibrium. In this case both rates are likely to be low. 
In conclusion, the contrast between the two species is stark. The habitat 
generalist ( G. variegata) has a high level of remnant occupancy and exhibits the 
characteristics of a metapopulation at equilibrium. It is not possible to say definitively 
whether this equilibrium has been maintained by high rates of dispersal or low rates of 
extinction, but it is likely that dispersal rates are low, suggesting that extinction rates 
are also low. In contrast, 0. reticulata exhibits comparatively low rates of remnant 
occupancy, suggesting a high rate of extinction relative to dispersal. If this species 
forms a metapopulation, then over the 54 to 78 years since fragmentation, extinction 
rates have exceeded recolonisation rates . It is likely (given the lack of statistical 
significance of the variable 'Distance to the nearest woodland', anecdotal evidence from 
Kitchener et al. (1988) and this study and estimates of maternal gene flow (Chapter 5)) 
that dispersal rates of 0. reticulata approach zero. The implications of this are that the 
proportion of remnants containing 0. reticulata will continue to decline until only 
populations with a very low probability of extinction will remain. An important 
consequence of such a pattern of extinctions is that even if dispersal is occurring, it will 
decline with a decline in occupancy because there are fewer source populations and 
greater distances between the remaining populations. Consequently, the contribution 
made by dispersal to reducing the extinction rate is likely to decline with time. 
Recent studies of metapopulation structure (Bengtsson 1991; Ebenhard 1991; 
Han ki & Gilpin 1991; Hans on 1991; Harrison 1991; Hastings & Wolin 1989; 
Kindvall & Ahlen 1992) have tended to concentrate on metapopulations that are in 
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equilibrium. Thi i under tandable because equilibrium ystem are particularly 
amenable to the tudy of que tion relating population size and environmental variation 
to rate of extinction and coloni ation. Non-equilibrium systems have received scant 
attention and yet in both a practical and theoretical sense an understanding of them i 
critical to the regional con ervation strategies adopted for many species. This study 
how the contrast in persistence between two species, both of which were probably 
wide pread and numerou before European settlement but which show contrasting 
pattern in their ability to cope with the subsequent rapid and major environmental 
change . The ability to form an equilibrium metapopulation may be critical to the 
per i tence of uch species in habitat remnants. 
' 
I· 
CHAPTER4 
Size and structure of populations of Oedura reticulata in 
woodland remnants: Implications for the future regional 
distribution of a currently common species 
4.1 Introduction 
46 
The interaction of local populations and their ability to form a stable 
metapopulation (a population of interacting local populations) may be critical to the 
regional persistence of a species following habitat fragmentation. Dispersal between 
remnant habitat patches may increase the persistence time of a metapopulation by 
contributing to population growth in small populations (Fahrig & Merriam 1985; 
Hanski 1991) through the rescue effect (Brown & Kodric-Brown 1977) by enabling the 
recolonization of unoccupied patches and by stabilising population size through density 
dependent emigration (Hanski 1985). Without dispersal, the continued regional 
persistence of a species becomes a function of processes operating on individual local 
populations. In such a situation, effective population size (Caughley 1994 ), intrinsic 
rate of increase and the carrying capacity of each patch are the population 
characteristics critical to extinction by stochastic processes. Evidence from pitfall 
trapping (Chapter 3), mitochondrial DNA (Chapter 5) and field observation (Kitchener 
et al. 1988) suggests that the interaction between local populations of 0. reticulata is 
small or zero, even over distances of 700 metres or less. Consequently, the distribution 
of the species among remnants is likely to be a function of the ability of local 
populations to persist in isolation. 
Modelling of the presence/absence of 0. reticulata in 32 woodland remnants 
(Chapter 3) suggests that the probability of presence of local populations of this species 
i related to an index of habitat size (number of smooth-barked eucalypts), with 
remnants containing 411 trees or more having greater than a 95 % probability of 
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containing 0. reticulata. One plausible explanation for this relation hip is that 
population ize is related to habitat size and, as a result, populations in small remnants 
are maller and more prone to extinction through stochastic proces e . Another possible 
explanation i that populations in small remnants are more affected by edge effects such 
as increased urface temperatures or higher level of predation (Lovejoy et al. 1986), 
causing lower rates of persi tence. These explanations are not mutually exclusive. In 
this chapter, the proposition that habitat size and population size are related is examined 
through the estimation of population sizes in several remnants. This information, 
together with other demographic characteristics, is used to make predictions about 
likely future trends in the distribution of 0. reticulata. 
4.2 Materials and Methods 
4.2.1 Population surveys and measurements 
To examine the size and structure of 0. reticulata populations within habitat 
remnants, populations in 12 woodland remnants within the Kellerberrin study area 
(Figure 2.3) were surveyed and compared with populations in the three relatively 
'pristine' nature reserves. The gecko populations were surveyed from dusk onwards by 
two observers using head torches and walking in parallel transects; the geckos were 
observed by reflective eye shine and captured by hand. In each transect, every tree, 
shrub, log or fence post within the remnant was examined and the surveys continued 
until the gecko ceased to be active. Following capture, each gecko was placed in a 
numbered bag and the site of capture marked. Each animal was marked individually by 
toe clipping, measured the following morning and released at the point of capture. 
4.2.2 Population size estimates 
Population size estimates were obtained using a combination of two methods. 
First, mark-recapture e timates of population size were obtained for six remnants ( 1 
Very Small, l Small, 2 Small, 3 Small, 1 Medium, 3 Medium). These remnants were 
elected becau e it was expected that they would contain population mall enough to 
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enable rea onable estimates from such a labour inten ive method. Second, thee timates 
of absolute population size were u ed to calculate the density of animals (per tree) in 
each of the six remnants, which were then regressed against an index of catch per unit 
effort (CPU; mean number of 0. reticulata observed in the first two hours of survey by 
two observers) to provide a means of correcting CPU to absolute lizard abundance. The 
estimates of CPU for the remaining remnants were subsequently corrected to obtain 
estimates for the remaining populations. 
For the initial mark-recapture population estimates, the six populations were 
sampled over several nights, each night being treated as a separate sample. The most 
critical assumption of mark-recapture population size estimates is that all animals are 
equally catchable. In this study, the equal catchability of individuals was tested by 
examining the fit of the distribution of frequency of captures to a zero truncated Poisson 
distribution (Caughley 1977). In two populations (1 Very Small and l Medium), the 
test was invalid because the number of recaptures was insufficient to enable expected 
frequencies to be greater than five in all cells. For the remaining four populations, the 
distribution of the frequency of captures did not depart significantly from a zero 
truncated poisson distribution (Table 4.1), providing no evidence of unequal 
catchability. 
The second major assumption is that there are no births, deaths, immigrations or 
emigrations during sampling. The impact of these processes was minimised by 
ampling each population between birth pulses (November 1991 to February 1992) and 
over as short a time period as possible (mean time between-first and last sample = 33 
day ). As described in Chapter 3, negligible immigration and emigration can be 
expected over these time scales. 
A linear regression of the number of individuals marked in the population (M) 
against the proportion of each sample that had previously been marked (P) was used to 
estimate the size of the six populations. This was used in preference to Shumacher's 
method (Caughley 1977), which assumes a linear relationship through the origin. In thi 
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TABLE 4.1 Tests for zero trucated Poisson distribution 
(equal catchability) in populations of Oedura reticulata 
for which there were sufficient recaptures to enable the 
test. The method used follows that described by 
Caughley (1977). Cells were pooled when expected 
frequencies were less than 5. 
Remnant x2 value d.f. p 
lS 2.787 2 > 0.05 
2S 0.864 1 >0.30 
3S 2.105 1 > 0.10 
3M 0.552 1 > 0.50 
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tudy, the relationship between Mand P appeared to be linear in all populations, but in 
everal populations the regre ion line did not pass within two standard deviations of 
the origin, thus invalidating Shumacher's method. The regression equation estimating M 
from P wa obtained for each population and used to estimate the population size at 
P= 1. In each estimate, over 60% of the population was marked and each population was 
sampled between four and seven times. 
The population estimates obtained using the method described above were used 
to estimate density (D; mean number of 0. reticulataltree) by dividing the population 
ize in each remnant by the number of trees. This measure of density, weighted by the 
inverse of the variance of the population estimates divided by the total number of trees, 
was highly correlated with CPU (R2 = 0.78, p = 0.02). This linear relationship takes the 
form: 
D = 0.099563 + 0.044667CPU. 
This equation was then used to estimate the population size for 1 Large, 2 Large and 
3 Large. The 95% confidence limits for all estimates were calculated using the method 
of Sokal & Rohlf ( 1981 ). All regression analyses were carried out using the statistical 
package SAS version 6.06 (SAS Institute 1988). 
The relationships between population size and remnant characteristics (area, 
number of eucalypts and distance from the nearest woodland) were investigated with a 
multiple regression analysis using the Max R procedure (SAS Institute 1988). The Max 
R procedure enters each independent variable individually to determine the best 
one-variable model. Then another variable, the one that produces the highest increase in 
R 2, is added to the model and each of the variables in the model is compared with each 
variable not in the model to determine the best two-variable model. Another variable is 
then added to the model and the procedure repeated. In this way, the model with the 
highe t R 2 value is obtained. 
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4.2.3 Age structure and sex ratios 
To examine the age tructure of populations within the remnants , an estimate of 
growth rate in one population ( 1 Small) was obtained and then used to estimate the 
relationship between snout vent length (SVL) and age. This relationship was used to 
determine the age structure within all populations. 
Three growth models (Von Bertalanffy, Logistic-by-Length and Logistic-by-
Weight - with length substituted for weight), generally used in studies of lizard growth 
(e.g. Dunham 1978; Schoener & Schoener 1978; Van Devender 1978) were fitted to 
growth data collected from recaptured individuals. These models are discussed in detail 
by Schoener & Schoener ( 1978) and are described by the equations: 
Von Bertalanffy: L2 = a - (a - L1)e-rD 
Logistic-by-Length: 
Logistic-by-Weight: L _ a L { 
3 3 }l/3 
2 - L3 + (a 3 - L3)e_rD 
where L 1 and L2 are the snout vent length at the initial capture and the last capture 
respectively, a is the asymptotic length, r is an intrinsic growth rate variable and D is 
the time interval between L 1 and L2. Recapture data from 1 Small were used to estimate 
the parameters a and r because they provided the largest number of recaptures (n = 46) 
of all populations sampled. All captures were made between the 2nd November, 1990 
and 13th December, 1992 with the time between recaptures varying from 375 to 414 
day . Seasonal variation in growth rates would probably occur within this general 
model. 
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The data were fitted to all growth equations using a non-linear, least-squares 
regre ion procedure (PROC NLIN; SAS Institute 1988) suggested by Frazer et al. 
(1990), where the parameters a and r were seeded with initial 'be t guesses'. The models 
were compared on the basis of their residual mean squares with the smallest residual 
mean square indicating the model with the best fit (Dunham 1978). This method also 
enables the calculation of 95% confidence intervals for both estimated parameters. 
The geckos cannot be reliably sexed externally before the age of three years, so 
all individuals were included in the above analysis. Geckos older than three years were 
sexed by extrusion of the hemipene in males. The sex ratios were estimated for each 
population from the total number of adults captured and these ratios were used to 
estimate the proportion of individuals in each population that was sexually mature and 
which thus constitutes the maximum number of breeding adults. All comparisons of 
differences in structure among populations were made using Chi squared contingency 
analysis. The populations from 1 Large and Kodj Kodjin Nature Reserve were excluded 
from those analyses because of small sample sizes. 
4.2.4 Habitat utilisation and availability 
The most significant predictor of the presence/absence of 0. reticulata derived 
in Chapter 3 was the total number of smooth-barked eucalypts (Total E. salubris + 
Total E. salmonophloia). To examine the significance of this relationship in greater 
detail, an assessment of habitat usage was undertaken in two ways . First, the habitat in 
which each gecko was observed when first sighted was recorded. Second, a detailed 
urvey of tree characteristics was undertaken in three remnants to determine which tree 
characteristics were most important to the distribution of 0. reticulata. How & 
Kitchener ( 1983) found in a study of a single population in a habitat remnant that 54% 
of variation in the maximum number of individual 0. reticulata recorded on E. salubris 
trees was accounted for by leaf area and a senescence index. They suggested that leaf 
area wa important to attract insects and the degree of senescence was important to 
provide the lizards with shelter ite . Since How & Kitchener (1983) found that the 
,, 
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mo t favoured tree species in their remnant was E. salubris and ince thi is the most 
common tree species found in most remnant examined here (> 90% of the trees in 
mo t remnant ), the habitat analysis was restricted to E. salubris. 
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Three remnants, 1 Small, 2 Small and 3 Small, were selected to test How & 
Kitchener's (1983) finding that leaf area and degree of senescence were the most 
important predictors of habitat usage by 0. reticulata. Each tree wa marked and the 
number of individuals captured on each one during the summers of 1990/91 and 
1991/92 was recorded. Tree height (measured using comparisons with a two metre pole 
from a distance of 15 m), height of bole, diameter at 1.3 m, degree of senescence (the 
proportion of limbs > 4 cm in diameter which were dead), crown depth, number of trees 
with touching crowns, crown density (using comparisons with photographs; Walker & 
Hopkins 1984) and foliage cover were recorded. It was not possible to follow the 
method of How & Kitchener ( 1983) in estimating leaf area index because their method 
was too time-consuming for the number of trees measured in this study. Instead, an 
index of foliage volume (F) was estimated by assuming the crown to be cylindrical and 
estimating the volume occupied by the crown using the formula 
F = nr2 CD 
where r = radius of the foliage, C = crown depth and D = crown density. 
A multiple regression analysis using the Max R procedure ( described above) 
was used to determine which variables or combination of variables best predicted the 
number of 0. reticulata recorded on each tree (excluding recaptures). In keeping with 
the analysis of How & Kitchener ( 1983), an angular transformation of the index of 
ene cence was conducted prior to the multiple regression analysis, 0.1 was added to all 
zero values and a log transformation was carried out for all variables including the 
dependent variable. 
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4.3 Results 
4.3.1 Population size estimates 
The population sizes estimated for 0. reticulata within the nine remnants varied 
from twelve to 430 individuals (Table 4.2). The population size of 1 Large was 
e timated to be twelve but because of the wide confidence intervals at low CPU, the 
confidence limits for this estimate are large, casting some doubt on its accuracy. The 
total number of individuals captured in this remnant was 43 (over three summers) in 
some 50 person hours of searching, suggesting that this population actually consists of 
less than 50 individuals. The population size estimate for 2 Large also has wide 
confidence limits because of its low density of lizards. Although these two estimates 
must be viewed with caution, they do provide a crude estimate of the population sizes 
involved. 
Remnant 3 Medium contained the largest population and highest density (2.2 
lizards/tree; Table 4.2) with remnants 1 Small and 3 Large also exhibiting high 
densities ( 1.6 and 1.0 lizards/tree respectively). There was no clear relationship between 
population size and area, number of smooth-barked eucalypts or distance to the nearest 
woodland. The R2 values for all models derived using the Max R procedure were low. 
The highest R 2 value for any single variable was 0.21 ( dependent variable = area; 
p = 0.21) and the model containing all three variables produced an R 2 of only 0.40 
(p = 0.43). Univariate plots (Figure 4. la and b), demonstrate that while most of the 
populations in remnants of less than two ha ( or 200 smooth=barked eucalypts) are small , 
population in the larger remnants exhibit a considerable range of sizes resulting in the 
poor correlation between population size and these variables. There was also no 
significant relationship between the density of individuals per tree and remnant size (R 2 
= 0.01; p = 0.78). CPU varied markedly among populations (2.8 to 50.4 individuals 
were observed in the first two hours after dusk), which is indicative of large differences 
in density between the populations. The densities in North Baandee Nature Reserve and 
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TABLE 4.2 The estimated population sizes for all O. reticulata 
populations; sampling was carried out between November 1991 and 
February 1992. * = population estimates obtained by regression analysis of 
number marked in the population by the proportion of animals captured that 
are marked; LCL = lower 95% confidence limit, UCL= upper 95% 
confidence limit; S = number of surveys; CPU = mean number of 
individuals observed in the first 2 hours of searching; Density = number of 
0. reticulata/tree. Standard errors are given in brackets. VS = Very Small; 
S = Small; M = Medium; L = Large; KK = Kodj Kodjin Nature Reserve; 
NB= North Baandee Nature Reserve; EY = East Yorkrakine Nature 
Reserve. 
Remnant Population LCL UCL s CPU Density 
Size (95%) (95%) 
1 vs 22* 12 32 6 11.3 0.67 (0.10) 
1 S 194* 152 235 7 32.1 1.63 (0.13) 
2S 55* 41 69 6 16.0 0.40 (0.04) 
3S 50* 37 64 5 15.5 0.46 (0.05) 
lM 34* -45 113 5 7.4 0.21 (0.04) 
3M 426* 344 508 5 50.4 2.17 (0.13) 
lL 12 -196 220 4 2.8 0.00 (0.17) 
2L 129 -115 373 3 7.3 0.23 (0.15) 
3L 430 248 578 1 26.0 1.06 (0.14) 
KK 30.0 1.44 (0.14) 
NB 14.5 0.75 (0.14) 
EY 11.0 0.60 (0.15) 
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Figure 4.1 (a) Linear regression of estimated population size on the number of 
mooth-barked eucalypts. (R2 = 0.04; p = 0.59). 
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Figure 4.1 (b) Linear regression of estimated population size on remnant area (R 2 
= 0.21, p = 0.21). 
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Ea t Yorkrakine Nature Re erve are likely to be underestimates because sampling in 
these re erve was opportunistic and not alway conducted during the first two hours 
after dusk. However, the densities in all three reserves are considerably higher than 
those of 1 Medium, 1 Large and 2 Large (Table 4.2), suggesting that population 
densities in the three remnants have declined from original levels. 
4.3.2 Population age and sex structure 
58 
The comparison of the growth models examined (Table 4.3) demonstrates that 
the Von Bertalanffy model has the smallest residual mean square value of the three and 
therefore provides the best fit to the growth data. Consequently, that model was used to 
estimate age from size for individual 0. reticulata. The overlap in the 95% confidence 
intervals for the parameter 'a' demonstrates that all three models estimate a similar 
asymptotic size. However, there is no such overlap for the 95% confidence intervals of 
the parameter 'r', indicating that the models vary significantly in their estimation of the 
intrinsic growth rate. 
The relationship of age to SVL was estimated by substituting the values of a and 
r estimated using the Von Bertalanffy model in the general Von Bertalanffy equation 
where Lt = SVL at time t, a and r are the parameter values estimated above and b is a 
variable related to size at birth. The latter can be calculated if size at a given age is 
known. How & Kitchener ( 1983) suggested that, based on museum records, 
0. reticulata has a SVL of 26 mm at birth. This assumption appears reasonable given 
that the minimum size recorded in the present study was 30 mm and that no samples 
were taken within six months of hatching time (March; Kitchener et al. 1988). Using 
thi value, b was estimated to be 0.6452 and the resultant growth curve plotted against 
the frequency of SVLs captured in one period (15/11/91 to 16/12/91) in 1 Small (Figure 
4. 2). The e data identify the cohorts of individuals in their first year and each 
ub equent year to four year . The size cla se of the different ages are imilar to tho e 
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TABLE 4.3 Residual mean square (RSSQ/N) estimates and fitted values 
obtained for the parameters a and r of three growth models: Von Bertalanffy, 
Logistic -by-Length and Logistic-by-Weight. a= the asymtotic length; r = 
intrinsic growth rate. The 95% confidence limits for each parameter are given in 
brackets. 
Model 
Von Bertalanffy 
Logistic-by-Length 
Logistic-by-weight 
RSSQ/N 
320 
361 
441 
a r 
73.28 (70.39 - 76.16) 0.57 (0.46 - 0.68) 
71.58 (69.51 - 73.66) 0.91 (0.78 - 1.04) 
70.58 (68.79 - 72.38) 1.32 (1.14 - 1.49) 
80 
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Figure 4.2 Field growth curve for 0. reticulata in remnant l Sn1alJ. The histogram shows the snout 
vent length (in l nun intervals) of all individuals captured between 15/11/91 and 16/12/91 and their 
probable cohort groupings. 
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found by How & Kitchener (1983; Table 4.4 ), indicating that the relationship between 
age and SVL is relatively consi tent within the species. Among all populations, 104 of 
the 110 gravid females captured were greater than 68 mm SVL, supporting the findings 
of How & Kitchener ( 1983) that females do not become reproductively mature until 
after four years of age. 
The estimated proportion of each population that were adult (Table 4.5) shows a 
ubstantial amount of variation between populations, ranging from 41 % of total 
captures in 2 Small to 100% in 1 Large. These differences were significant when all 
populations were considered together (X2 = 55.96; df = 9; p < 0.001) and among 
remnant populations (X2 =51.57; df = 7; p < 0.001) only, but were not significant only 
among the nature reserve populations (X2 = 3.84; df = 1; p < 0.25). In general, most 
populations consisted of greater than 50% adults although 1 Small was as low as 38% 
in 1990/91. 
The proportion of individuals that were less than one year ( < 47 mm SVL) also 
varied significantly among all populations (X2 = 44.07; df = 9; p < 0.001; Table 4.5), 
suggesting that either egg or juvenile mortality or the proportion of adult breeding 
females varies between populations. This distinction could not be tested because most 
surveys were conducted post-parturition. Further analysis of the frequency of 
individuals less than 1 year of age demonstrated that the significant variation among 
populations was due to variation among remnant populations. Specifically, the four 
mallest remnants ( 1 Very Small, 1 Small, 2 Small and 3 Small) contained the highest 
proportion of individuals aged less than one year. When ana.lysed separately, these four 
populations were not significantly different from each other (X2 = 4.55; df = 4; p > 0.1). 
The remaining populations were also not significantly different from each other 
(X2 = 2.988; df = 5; p > 0.5), indicating that the ignificant differences observed among 
all populations was due to differences between populations in the four smallest 
remnant and the remaining populations. These results indicate that remnant or habitat 
size may be important to the production of young to one year of age. Differences in the 
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TABLE 4.4 The age classification of snout vent 
lengths estimated for the 0. reticulata 
populations of !Small (this study) and 
Konnongorring (How & Kitchener 1983}. 
Age (yrs) 
< 1 
1 - 2 
2-3 
3-4 
>4 
Snout Vent Length 
(mm) 
lS 
34- 47 
46- 58 
59 - 65 
65 - 68 
> 68 
Konnongorring 
35 - 44 
45 - 55 
58 - 62 
63 - 66 
> 66 
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TABLE 4.5 The age and sex structure of captures of O. reticulata for all remnants 
and nature reserves between 15/11/91 and 23/2/92. % < 1 year= % of the total 
numbers captured that were less than one year; % female=% of adults captured that 
were female; % adults = % of total capture that were adult. Total number of adults 
was estimated by multiplying the proportion of individuals that were adult by the 
estimated population size (Table 4.2). Total number of adult females was estimated 
by multiplying the proportion of individuals that were female by the estimated 
population size. Females were considered adult if greater than 68 mm in SVL (i.e. 
older than four years) or were gravid. Males were considered adult if greater than 65 
mm in SVL (i.e. older than three years). See Table 4.2 for explanation of remnant 
abbreviations. 
Remnant Sample % % % total total 
. 
<1 year adults female adults adult size 
females 
lVS 20 10 45 78 10 8 
1 S 149 19 46 69 89 62 
2S 58 29 41 67 23 15 
3S 49 18 67 55 34 18 
lM 28 7 50 43 17 7 
3M 154 4 76 64 324 207 
1 L 5 0 100 40 12 5 
2L 33 0 79 58 102 59 
3L 33 3 79 35 340 119 
KK 9 0 67 67 
NB 21 5 81 65 
EY 27 7 67 56 
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vi ibility of juveniles between remnants could al o cause this result but are unlikely 
becau e there were no significant departures from equal catchability in the population 
where this could be tested. Moreover, the habitat available to the gecko varied little 
between remnants and is therefore unlikely to affect comparative vi ibility. This may 
not be the case in the nature reserves where it is possible that shrubs which are not 
common in the remnants are used by juveniles. However, considerable effort to survey 
hrubs and other vegetation in the nature reserves resulted in only a single observation 
of 0. reticulata in this alternative habitat. 
4.3.3 Habitat availability and utilisation 
In the remnants, 0. reticulata demonstrated a clear preference for live eucalypts , 
being only rarely found on logs or dead trees (Table 4.6). This is also true in the nature 
reserves (89% found on smooth-barked eucalypts), despite a greater array of alternative 
habitat such as small shrubs being available. The geckos were rarely observed on the 
ground but were occasionally found to have moved between trees that did not have 
crowns in contact. These data support the finding of Kitchener et al. ( 1988) that 
0. reticulata is very specialised in its use of habitat. 
The R2 values for all models produced using the Max R procedure (see Table 
4.7 for correlation coefficients) were low across all three populations and all variables 
and combinations of variables. The highest R 2 value achieved by any single variable 
was 0.043 (circumference in 3 Small) and the highest R2 value achieved for any 
combination of variables was 0.11 (1 Small - six variable model). These results are in 
harp contra t to those of How & Kitchener ( 1983) who found that senescence and leaf 
area index accounted for 54% of the variation in the maximum number of individual 0. 
reticulata recorded on E. salubris trees. One explanation for this difference is likely to 
be the den ity of lizards using the trees. How & Kitchener ( 1983) captured an average 
of 6.6 individuals per E. salubris compared with 3.2 (1 Small), 0.7 (2 Small) and 1.3 (3 
Small) in thi study, so the density of lizards found in this study is less than half that of 
the Konnongorring population. These data indicate that habitat availability is not a 
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TABLE 4.7 Correlation coefficients for all variables used in the multiple linear 
regression. All variables were logged. *** P<0.001; ** P<0.01; * P<0.05. 
Remnant Bole Circumf Senese Contacts Cover No. 
individuals 
1S 
Height 0.3460*** 0.5823*** -0.2416* 0.2216* 0.5271 *** -0.1637 
Bole -0.0022 -0.1147 0.1074 -0.0773 -0.1905 
Circum -0.2365* 0.1148 0.6829*** 0.1166 
Senese -0.1251 -0.2829** 0.1115 
Contacts 0.1117 -0.0942 
Cover 0.0198 
2S 
Height 0.4752*** 0.6561 *** -0.1692* 0.1291 0.5102*** 0.0189 
Bole 0.3100*** -0.0579 0.1826* 0.3383*** 0.1046 
Circum -0.1203 0.0268 0.6100*** 0.1528 
Senese 0.0408 -0.3525*** 0.2073* 
Contacts 0.1643 -0.0052 
Cover 0.0147 
3S 
Height 0.3924*** 0.6770*** -0.3386** -0.0491 0.6300*** 0.0731 
Bole 0.3071 * -0.0738 -0.1264 0.2289 0.1027 
Circum -0.1937* -0.1751 0.5490*** 0.2074* 
Senese -0.0331 -0.5317*** -0.0467 
Contacts -0.0339 0.0445 
Cover 0.1568 
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limiting factor in the three populations examined here. Indeed, population l Small has a 
higher density of lizards per tree than all other populations except 3 Medium, 
ugge ting that habitat availability is not limiting population size within most remnants 
examined. 
4.4 Discussion 
Oedura reticulata has persisted in remnants of less than one hectare in the 
Kellerberrin region for over 70 years ( or about 14 generations) since clearing. It is 
therefore unlikely that the environmental changes caused by moving to a predominantly 
agricultural land-use have, on their own, caused the demise of the species in some 
remnants. However, as contended in Chapter 3, vegetation clearance has probably 
prevented high levels of dispersal between remnants. The significant levels of variation 
in population size and age structure between the remnant populations examined here 
s_upport that conclusion. The most obvious example of this is the difference between the 
populations in 1 Small and 1 Medium which are situated in the same paddock and 
separated by 700 m of land used for sheep grazing and wheat production. The 
population size in 1 Small is more than five times that in 1 Medium and 19% of its 
population are less than one year of age as opposed to 7% in 1 Medium (X2 = 3.84; df = 
1; p < 0.05). Differences in sex ratios also oceur between these two populations 
although they are not quite significant at the 95% level of probability (X2 =3.50; df = 1; 
0.05 < p < 0.07). These differences imply that the level of interaction between the 
populations is insufficient to cau e homogeneity in demographic characters among 
population . With low dispersal between remnants, the ability of each remnant to 
upport a viable population becomes critical to the regional distribution of the species. 
The estimates of population size obtained in this study indicate that, generally , 
remnant of less than two ha ( or fewer than 200 trees) contain small populations. This 
means that the probability of populations in remnants in this size range going extinct 
through tocha tic population processes alone i likely to be quite high. However, there 
i con iderable variation in population size estimates among the medium and large 
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remnant , indicating that remnants in these size classes do not necessarily contain large 
population . There are several possible explanations for this observation. One 
possibility i that population density varied widely before isolation, resulting in widely 
different izes of founding populations among remnants. The variation in densities 
observed between the populations in the three nature reserves was marked (0.6 to 1.44 
0. reticulataltree ), suggesting that natural levels of abundance do vary regionally . 
However, even densities of 0.6 0. reticulataltree are higher than those currently 
observed in l Large and 2 Large, indicating that population sizes in these remnants 
have declined since clearing. Other possible reasons for such large variation in 
population size include differences in habitat or food availability or the uneven 
distribution of predators among remnants. Without temporal information, it is not 
possible to gauge the relative importance of these factors. 
The sizes of several of the populations examined ( 1 Very Small, 1 Medium, 1 
Large, 2 Small, and 3 Small) are extremely small, ranging from 12 to 55 individuals. 
The effective sizes of these populations (both genetic and demographic; Caughley 
1994) are likely to be considerably less than these figures, with the estimated number of 
females ranging from two to 18 individuals. 0. reticulata can produce only two 
eggs/female/year which, when combined with a high egg and juvenile mortality (How 
& Kitchener (1983) estimate this to be between 55 and 65 % in the first year) and 4.8 
years to maturity, means that the intrinsic rate of increase for this species is small. This 
inference is supported by the small proportion of individuals less than one year old 
observed in most of the populations examined. If the densities of lizards in the remnants 
prior to land clearance approximate those observed in the three nature reserves (mean 
density= 0.9/tree), then population sizes in these remnants have declined since 
clearing. Population decline may be further exacerbated in larger remnants by the allee 
effect (Allee et al. 1949) when individuals find it difficult to find mates below a given 
population den ity. This could be a particularly important problem in 1 Large and 2 
Large where the population are parse. 
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Stochastic models of population viability such as those explored by Goodman 
( 1987) and Shaffer ( 1987) or more empirical estimates such as tho e by Thomas ( 1990) 
predict that population size of 500 to several thou and are required to achieve even 
moderate per i tence times , particularly when environmental variation is large or the 
intrinsic rate of increase is small. The population size required is likely to be further 
increased by large variance in ex ratios (Gabriel & Burger 1992; a feature exhibited 
between populations in this study) and a non-random mating structure (also 
characteristic of this species; How & Kitchener 1983). Given that the largest population 
size recorded in this study was 430 individuals, stochastic processes alone could cau e 
the extinction of some, if not all, of these populations in the short to medium term. 
These results have implications for the logistic regression model of the 
probability of presence developed for 0. reticulata in Chapter 3 and consequently for 
the regional conservation of this species. That model suggests that the number of 
mooth-barked eucalypts is the variable most highly correlated with the presence of 
0. reticulata. All remnants with greater than 283 smooth-barked eucalypts surveyed 
contained 0. reticulata. The small population sizes of 0. reticulata in l Large and to a 
lesser extent 2 Large (which contain 443 and 570 smooth-barked eucalypts 
respectively), suggest that populations in remnants within this size range are also 
extremely vulnerable. Future extinction of populations in this large size class of 
remnant would cause the model derived in Chapter 3 to alter, such that the number of 
smooth-barked eucalypts required to enable a given probability of persistence will 
increase with time. The scale for ignificant changes to occur may well be in years or at 
most decade . 
Before the clearing of land for agriculture, approximately 40% of the 
Kellerberrin region contained smooth-barked eucalypt woodland suitable for 
0. reticulata. This type of habitat now comprises only 2% of the land area of the region 
(Arnold & Weeldenburg 1991), much of which is in small remnants of only a few 
hectare . There are only four known remnants (including nature reserves) that contain 
I , 
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tand of more than 570 E. salubrisl E. salmonophloia (Chapter 3; R. Lambeck personal 
communication). The apparent vulnerability of everal of the local populations 
examined here, in remnants of 570 trees and less, uggests that the distribution of 0. 
reticulata which is currently quite widespread within the region (Kitchener et al. 1980; 
Kitchener & How 1982), may become restricted to a few large remnants. In terms of the 
conservation of this species, concentrating on protecting small woodland remnants of a 
few hundred trees may be a futile exercise. 
CHAPTERS 
Mitochondrial DNA variation among populations of Oedura 
reticulata in remnant vegetation: Implications for metapopulation 
structure and population decline 
5.1 Introduction 
71 
Short-term ecological studies can provide important information on the current 
demographic status of natural populations but give only a narrow temporal perspective 
on medium and long-term population dynamics. Long-term studies of population 
dynamics are rare, and may be difficult or even impossible with organisms that are 
long-lived (e.g. marine turtles: Bowen et al. 1992) or that have cryptic life-styles. 
Extinction pressures currently experienced by many natural populations of organisms 
exacerbate the problem because conservation action must be prompt and made in the 
absence of sufficient information. Molecular analysis of genetic variation in natural 
populations can alleviate these problems by generating important information on 
population structure within a relatively short period of time and which when combined 
with demographic information, can identify important temporal trends in population 
characteristics. 
One ecological characteristic that may be important in the regional persistence 
of a pecies with a patchy distribution is its ability to form a metapopulation (Section 
1.5). Metapopulation theory may be particularly relevant to situations like that in the 
Kellerberrin region where habitat has become fragmented by human activity and 
interpopulation dispersal becomes critical to a species' regional persistence. 
Unfortunately, the effort involved in estimating the level of dispersal of a species 
through a landscape is often prohibitive. This is particularly likely if dispersal rates are 
low or if the species is cryptic, so that the probability of observing an immigration 
event i low. Moreover, even if all migration is observable, the migration rate might be 
Chapter 5 - mtDNA variation among populations of 0. reticulata 72 
over-e timated if immigrants fail to contribute to reproductive output. In uch 
ituations, e timates of genetic variation within and between populations can provide 
important information on the level of interaction between local populations and permit 
an a es ment of the likely contribution of a metapopulation structure to regional 
persistence. 
Anecdotal evidence (How & Kitchener 1983 ; Kitchener et al. 1988) and 
empirical evidence from this study (Chapters 3 & 4) suggests that movement of 
0. reticulata between remnants is low and that populations are likely to be isolated 
from each other. In this chapter, restriction fragment length polymorphism (RFLP) 
analysis of mitochondrial DNA is used to test this hypothesis by examining genetic 
variation among several populations of 0. reticulata. Variation within remnants is also 
examined and comparisons are made between populations within remnants and those of 
nearby nature reserves to examine the effects of remnant size on levels of genetic 
variation. 
5.2 Materials and methods 
5.2.1 Mitochondrial DNA analysis 
RFLP analysis using Southern hybridisation and probing of total DNA was used 
to estimate mtDNA variation within and among populations. Mitochondrial DNA 
variation was studied because the maternal inheritance and lack of recombination of 
mtDNA make it more sensitive to the population processes of genetic drift and founder 
effect than nuclear genes (Birky et al. 1989). Consequently, _variation in mtDNA is 
more likely to reflect recent population phenomena. 
To obtain samples of total DNA, a portion of tail was taken from 346 
individuals (27 to 31 individual per population) between November and February, 
1990/91 and 1991/92 and frozen in liquid nitrogen. Sampling over an 18 month period 
i unlikely to have a significant effect on gene frequencies within populations of 0 . 
reticulata becau e they are long-lived (up to 14 years; R. How per anal 
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communication) and do not reproduce until their fifth year (How & Kitchener 1983). 
Only adults were used for the analysis. Total DNA was extracted following the method 
of Ausubel et. al. ( 1990) where a portion of tail was ground in liquid nitrogen and acid 
wa hed and (BDH), mixed with 5 mls of fresh grinding buffer (8 part: 50mM Tris, 
1 00mM Na Cl, 1 00mM EDT A pH 7; 1 part 5 % SDS; 1 part 2mg/ml Proteinase k) and 
incubated at 37°C for two hours. The DNA was then cleaned by 
phenol/chloroform/isoamyl alcohol (25:24: 1) extraction and precipitated in ethanol. 
Each sample of total DNA was digested with five restriction enzymes (Ava I, 
Bgl II, Hind III, Hinp I and Spe I) which exhibited polymorphic restriction sites, 
electrophoresed through 1.2% agarose (Sigma, Type II, Medium EEO) and blotted on 
to gene screen using a dry blot method (Dowling et al. 1990). The filters were probed 
using 25 ng of purified 0. reticulata mtDNA (see below) which was labelled (after 
restriction with Rsa I and Eco 01091) with 32P using a megaprime kit (Amersham RPN 
1605). Hybridization was carried out overnight at 37°C. 
Further RFLP analysis was undertaken using end-labelling of the purified 
mitochondrial DNA of 42 animals to accurately define the variation observed using 
Southern blotting. Mitochondrial DNA was extracted from fresh liver of individuals 
acrificed from each population and purified through a caesium chloride gradient 
following the method of Dowling et al. ( 1990). The mtDNA to be used as probe was 
purified through a second caesium chloride gradient. The restriction and end-labelling 
of purified mtDNA was carried out according to the methods of Dowling et al. ( 1990). 
Each sample was run in 1.2% agarose (Sigma, Type II, Meqium EEO) and 3.4% 
polyacrylamide vertical gels in lx TBE buffer for 12 to 15 hours. The gels were dried 
on to filter paper and then exposed to a phosphor image screen. Restriction sites were 
mapped u ing partial and double digests. 
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5.2.2 Data analysis 
An analysis of phylogenetic relationships among haplotypes was performed 
using PAUP version 3.1.1 (Swofford 1993) to examine geographic structure within the 
species. A relaxed Dollo parsimony analysis was used with characters weighted such 
that site gains were represented by five steps and site losse by one step. This approach 
was taken because of the asymmetric nature of restriction site transformations between 
states (see DeBry & Slade 1985; Swofford & Olsen 1990). An heuristic search for the 
most parsimonious trees was conducted because the large number of haplotypes 
precluded an exhaustive search procedure. The strict consensus option was used to 
produce a single tree. The robustness of the consensus tree was tested by comparison 
with the 50% consensus tree produced by 500 replicates of the bootstrap procedure. To 
further examine geographic structure within the study area, a hierarchical cluster 
analysis of nucleotide divergence between populations (Nei & Tajima 1981) was 
performed using the unweighted pair-group method with arithmetic mean averaging 
(UPGMA) (Sneath & Sokal 1973). The UPGMA analysis was conducted using the 
computer program SAS version 6.06 (SAS Institute 1988) on a Sun workstation. 
Variation within and among populations was examined using several 
approaches. To examine variation within populations, haplotype and nucleotide 
diversity (Nei & Tajima 1981) were calculated for each population. The degree of 
geographic heterogeneity in haplotype frequency (i.e. the degree of independence 
among populations) was assessed using x 2 comparisons among all pairs of populations 
and, because of small expected values for many cells, a Monte Carlo simulation 
procedure (Roff & Bentzen 1989; 5,000 replicates) was implemented to test the 
ignificance of the x2 values. The computer program REAP 4.0 (McElroy et al. 1991) 
was u ed to calculate haplotype diversity, nucleotide diversity and nucleotide 
divergence, and to perform the Monte Carlo simulations. The degree of genetic 
differentiation among populations was further examined by estimating GsT values 
(Takahata & Palumbi 1985) within each replicate (deme). For this analysis, the Kodj 
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Kodjin population was excluded from replicate 1 because of the large geographic 
distance between it and the remainder of the region but North Baandee was included 
with the replicate 2 populations and East Y orkrakine was included with replicate 3 
population because of their close geographic proximity. The significance of the GsT 
value was a sessed using a boot strap procedure (Palumbi & Wilson 1990) where the 
computer program GsT (devised by S. Palumbi) was used to calculate repeatedly the 
GsT value after individual genotypes were randomly shuffled and resampled. The 
procedure was repeated 1,000 times and the significance of the observed GsT value 
gauged by comparison with the frequency of GsT values obtained through the bootstrap 
procedure. The GsT values were then used to compute Nm values using the relationship 
described by Takahata & Palumbi ( 1985): 
Nm= 0.5 (1/GsT - 1) 
where N = the effective size of the populations within the deme and m = the effective 
migration rate between populations at equilibrium. 
5.3.1 Results 
5.3.2 Relationship among haplotypes and populations 
The mitochondrial DNA of 0. reticulata examined was approximately 18.5 kb 
although a considerable amount of length variation (variation that could not be 
accounted for by restriction site gains or losses) was observed among individuals. The 
degree of length variation varied but was usually less than 300 bp and confined to a :::: 3 
kb region of the molecule. This region also exhibited apparent heteroplasmy in some 
indi victuals (Figure 5 .1) and is therefore likely to be associated with the D-loop region 
(Den more et al. 1985). Two rare restriction sites (Hinp 7 & 8; Figure 5 .2), were 
inferred from restriction fragment patterns but could not be confirmed with double 
digest because of the inability of the Southern hybridisation technique to detect 
fragment le than about 200 bp in size. 
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Figure 5.1 Southern blots of mitochondrial DNA haplotypes for each restriction 
enzyme used in the analysis of variation among populations of Oedura reticulata. 
Vertical arrows identify partial digests in the Hind Ill haplotypes. The A size marker 
used was cut with Ava I and Bgl II. H indicates examples of presumed heteroplasmy 
where two fragments of lower activity were observed instead of a single fragment. 
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. The analy is of restriction site variation revealed considerable polymorphi m. 
The five restriction enzymes used recognised 36 restriction sites of which 21 were 
polymorphic (Figure 5.2; Table 5.1 ). A total of 22 haplotypes were observed across all 
population with a maximum of seven haplotypes observed in any one population 
(Table 5.2). In each replicate, at least one haplotype which tended to be the most 
common haplotype was shared by all populations, although it varied between 
replicates. Nucleotide divergence among populations was as high as 0.0183 (Kodj 
Kodjin & 1 Small - Table 5.3) but this is likely to be an overestimate because only 
restriction enzymes known to show polymorphisms were used and therefore represent a 
biased sample of divergence. 
The parsimony analysis of mtDNA restriction sites identified three major 
evolutionary lineages within the species (Ll, L2, L3; Figure 5.3) although the bootstrap 
analysis revealed that the distinction between L 1 and L2 is not particularly robust 
(Figure 5.4). The lineages show little distinct geographic structure with haplotypes 
from L 1 and L2 found in all three geographic regions and replicates 1 and 3 containing 
haplotypes from all three lineages. The UPGMA analysis of nucleotide divergence 
(distance) among populations (Figure 5 .5) also shows little geographic structure with 
populations in replicate 1 present in all three major clusters. However, some weak 
geographic isolation between regions is apparent with the third major haplotype lineage 
(L3) being restricted to replicates 1 and 3 and the frequency of some haplotypes 
common in one replicate (e.g. ABACF in region 1 and ABBBB in replicate 3) but rare 
or absent in the others. These results imply that there has been no major historical 
-
barrier to gene flow in the study area, but perhaps some isolation by distance on a scale 
of tens of kilometres. These results support the earlier findings (Chapter 3) that the 
pecies wa widespread and continuously distributed over much of the study area 
before the recent anthropogenic habitat fragmentation. 
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TABLE 5.1 Presence/absence of sites matrix for all composite haplotypes observed. 
1 = site present; 0 = site absent. Letters refer to the haplotype code for each restriction 
enzyme. 
Composite 
Hap lo type 
ABBBA 
ABABB 
ABBBB 
BBBCB 
AABBB 
AAAAC 
AABAC 
ABBAC 
AABAD 
AABAE 
AABAF 
ABACF 
ACACF 
AAACF 
ABBCF 
ABACG 
ABBBH 
AABDI 
AACDI 
AABDJ 
AACDJ 
AACDK 
Bgl II 
1 1 101 
11 1 0 1 
1 1 101 
1 1 1 1 1 
1 1 1 0 1 
1 1 1 0 1 
1 1 101 
1 1 101 
1 1 1 0 1 
1 1 101 
1 1 101 
1 1 1 0 1 
1 1 1 0 1 
1 1 101 
1 1 1 0 1 
1 1 1 0 1 
1 1 101 
1 1 1 0 1 
1 1 1 0 1 
1 1 101 
1 1 1 0 1 
11 1 0 1 
Restriction enzyme 
Spe I Ava I Hind II HinpI 
1 1 1 0 1 1 1 0 1 1 1 1 1 1 1 1100101000101101 
1 1 1 0 1 1 100 1 1 1 1 1 1 1000101100101101 
1 1 1 0 1 1 101 1 1 1 1 1 1 1000101100101101 
1 1 1 0 1 1 101 1 1 1 1 0 1 1000101100101101 
111001 101 1 1 1 1 1 1 1000101100101101 
111001 100 1 1 0 1 1 1 1000101100101111 
111001 101 1 1 0 1 1 1 100010110010111 l 
1 1 1 0 1 1 101 1 1 0 1 1 1 1000101100101111 
111001 101 1 1 0 1 1 1 1000101110101111 
111001 1 0 1 1 1 0 1 1 1 1 0 0 0 1 1 1 1 0 0 1 0 1 1 1 1 
111001 1 0 1 110111 1000111100101101 
1 1 1 0 1 1 100 111101 1000111100101101 
1 1 1 1 1 1 100 1 1 1 1 0 1 1000111100101101 
111001 100 1 1 1 1 0 1 1000111100101101 
111011 101 1 1 1 1 0 1 1000111100101101 
1 1 1 0 1 1 100 1 1 1 1 0 1 1000111100101001 
1 1 1 0 1 1 101 1 1 1 1 1 1 1000101111101101 
111001 101 1 1 1 0 1 0 1011001100111001 
1 1 1 0 0 1 1 1 1 111010 1 0 1 1 0 0 1 1 0 0 1 1 1 0 0 1 
1 1 1 0 0 1 101 111010 1011001000111001 
111001 1 1 1 111010 1011001000111001 
1 1 1 0 0 1 1 1 1 111010 1011001000110001 
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TABLE 5.2 Number of each mitochondrial DNA haplotype, haplotype diversity, and 
nucleotide diversity for each population. VS= Very Small; S = Small; M = Medium; L 
= Large; KK = Kodj Kodjin Nature Reserve; NB= North Baandee Nature Reserve; EY 
= East Yorkrakine Nature Reserve. 
Haplotype Population 
lVS lS lM lL 2S 2L 3S 3M 3L KK NB EY 
ABBBA 0 0 0 0 0 0 0 0 0 0 0 3 
AABBB 0 0 0 0 0 0 3 0 0 1 0 0 
ABABB 0 0 0 0 0 0 0 0 1 0 0 0 
ABBBB 0 0 0 1 0 0 27 28 24 1 0 12 
BBBCB 0 0 0 2 0 0 0 0 0 0 0 0 
AABAC 14 1 10 3 5 22 0 0 0 21 16 4 
AAAAC 0 0 0 0 0 0 0 0 0 0 1 0 
ABBAC 1 0 0 0 0 0 0 0 0 0 4 0 
AABAD 0 0 0 0 0 0 0 0 0 0 1 0 
AABAE 0 0 0 0 3 0 0 0 0 3 1 0 
AABAF 0 0 0 1 0 0 0 0 0 0 0 0 
ACACF 0 0 0 0 0 0 0 0 0 2 0 0 
AAACF 0 0 0 0 0 0 0 0 0 0 1 0 
ABACF 12 25 10 18 23 5 0 0 0 1 6 0 
ABBCF 0 0 0 0 0 0 0 0 0 0 0 0 
ABACG 0 0 2 0 0 0 0 0 0 0 0 0 
ABBBH 0 0 0 0 0 0 0 0 4 0 0 0 
AACDI 0 0 0 3 0 0 0 0 0 0 0 4 
AABDI 0 1 0 1 0 0 0 0 0 0 0 0 
AABDJ 0 0 2 0 0 0 0 0 0 0 0 0 
AACDJ 0 0 4 0 0 0 0 0 0 0 0 7 
AACDK 0 0 0 0 0 0 0 0 1 0 0 0 
Haplotype 0.55 0.14 0.74 0.61 0.43 0.31 0.19 0.00 0.35 0.47 0.67 0.77 
diversiti'. ±0.04 ±0.09 ±0.05 ±0.10 ±0.10 ±0.10 ±0.09 ±0.00 ±0.10 ±0.11 ±0.08 ±0.05 
Nucleotide 
diversiti'. 0.013 0.006 0.029 0.019 0.010 0.008 0.000 0.000 0.006 0.005 0.011 0.027 
--
fl=,.- - "':- '"' ~ :~ 
(j 
~ 
TABLE 5.3. Nucleotide divergence among populations. See Table 5.2 for explanation of remnant abbreviations. ~ 
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~ 
""I 
V) 
I 
~ 
POP IVS IS IM IL KK 2S 2M NBNR 3S 3M 3L 6 
~ 
,,::: 
~ 
;:3. 
IS 0.005888 ~ 
~-C 
IM 0.001768 0.006360 ;::s ~ 
IL 0.002554 0.001271 0.001206 ~ C 
;::s 
KKNR 0.002877 0.018317 0.006134 0.011025 ~ 
"'t:::l 
2S 0.002099 0.000676 0.003737 0.000663 0.011240 ~ $:: 
2L 0.001444 0.014557 0.004266 0.008412 -0.000 164 0.008282 s-
~-C 
NBNR 0.000322 ' 0.0 I 0857 0.002493 0.006072 0.000960 0.005756 0.000003 ;::s V) 
3S 0.005138 0.0 I 0661 0.004754 0.005402 0.011954 0.007884 0.00749 I 0.007554 ~ 
9 3M 0.005491 0.010638 0.005137 0.005546 0.012845 0.008015 0.008092 0.007951 0.000027 ""I 
~ 
3L 0.005546 0.010620 0.004592 0.005271 0.012187 0.008081 0.008130 0.007705 0.000091 0.000086 ~-~ 
$:: 
EYNR 0.010073 0.017768 0.003153 0.008476 0.012640 0.014674 0.010640 0.010 I 08 0.005700 0.006042 0.005108 s-s 
I 
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AABAC 1 VS, 1 S, 1 M, 1 L 
KK, ZS, 2L, NB, EY 
AAAAC NB 
ABBAC 1 VS, NB 
AABAF 1 L 
AABAE KK, ZS, NB 
AABAD NB 
ABBBH 3L 
ABACF 1 VS, 1 S, 1 M, 1 L, KK 
ZS, 2L, NB 
ABACG 1 M 
ACACF KK 
AAACF NB 
ABBCF KK 
BBBCB 1 L 
ABBBB 1 L, KK, 3S, 3M 
3L, EY 
AABBB 3S 
ABABB 3L 
ABBBA EY 
AABDI 1 S, 1 L 
AABDJ 1M 
AACDJ 1 M, EY 
AACDI 1 L, EY 
AACDK 3L 
Figure 5.3 The strict consensus tree produced from 18 trees of equal parsimony 
(54 steps) showing the phylogenetic relationship among all Oedura reticulata 
mtDNA haplotypes and the populations in which each haplotype was observed. 
L 1 = lineage 1; L2 = lineage 1 ; L3 = lineage 3. 
,, 
!-
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AABAC 
ABACF 
ABBAC 
ABACG 
AABAF 
ABBBB 
BBBCB 
AABAE 
AABBB 
ABABB -
ABBBH 
ABBBA 
ABBCF 
ACACF 
AAAAC 
AAACF 
AABAD 
AABDI 
AABDJ 
AACDJ 
AACDI 
AACDK 
Figure 5.4 Fifty-per-cent consensus tree generated from-a bootstrap procedure 
(500 replicates) for Oedura reticulata. It shows that only two of the three major 
lineages (Ll + L2 and L3) identified by the strict consensus tree (Figure 5.3) 
can be considered robust. 
r,r._ =---- ,_ 
DIVERGENCE 
0.014 0.012 0.010 0.008 0.006 0.004 0.002 0.000 
1 vs 
NBNR 
KKNR 
2L 
1 M 
EYNR 
3S 
r-t 
3M 
..... 3L 
1S 
1 L 
- 2S 
Figure 5.5 UPGMA cluster analysis of mtDNA nucleotide divergence among remnant 
populations of Oedura reticulata showing that nucleotide divergence is not related to 
geographic location. 
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5.3.2 Population comparisons 
The level of intra haplotype diversity within populations shows considerable 
variation among populations (Table 5 .2). In general, the populations in the nature 
reserves have higher numbers of haplotypes than those in the remnants (mean no. 
reserves= 5.3; mean no. remnants= 3.3) and have higher haplotype diversity (mean 
no. reserves = 0.64; mean no. remnants = 0.37) although there is considerable variation 
in both measures among remnant populations. For example, they are particularly high 
in remnants 1 Medium and 1 Large. These data indicate that considerable genetic drift 
has occurred in the remnant populations, resulting in the loss of rare haplotypes and a 
tendency towards fixation for one haplotype which is common in the nature reserve 
populations. In contrast, nucleotide diversity within populations, whilst often low in 
remnant populations, was also low in Kodj Kodjin and North Baandee nature reserves 
(mean nature reserves= 0.014; mean remnants= 0.010) resulting from a haplotype 
distribution of one very common and several rare haplotypes. 
The x2 analysis shows a highly structured distribution of haplotype frequency 
between populations. Of 65 pairwise tests of independence, only five were not 
ignificant at the 0.05 level (Table 5.4). Two of those were among populations fron1 
different replicates (1 Very Small & North Baandee; 1 Small & 2 Small), separated by 
approximately 30 km and are unlikely to result directly from current gene flow between 
-
the two populations. Only three significant results were obtained between pairs within 
replicate (1 Small & 1 Large; 2 Large & North Baandee, 3 Small & 3 Medium) and 
one of these (3 Small & 3 Medium) was between populations-which were at or close to 
fixation for the same haplotype and is thus relatively uninformative for estimation of 
independence. The apparent independence of populations is supported by the GsT 
analysi within each replicate (GsT: Rep 1 = 0.12; Rep 2 = 0.11; Rep 3 = 0.32) which 
are all con iderably higher than that obtained through random sampling of haplotypes 
(Figure 5.6) and indicates ignificant structure within all three replicates. A further 
e tin1ation of GsT for the population 1 Small and 1 Medium (the two closest 
~-------":--.,,.-~--.:,------==--;-- ..,___ _ _ -"'--~-.,- .~- -' -= 
~-
-:' "'- - " -----------
TABLE 5.4 Chi - square analysis of haplotype frequency heterogeneity among population pairs. p= the probability that the Chi-square 
value will be exceeded in 5000 monte carlo simulations. See Table 5.2 for an explanation of ren1nant abbreviations. 
IS IM lL KK 2S 2L NB 3S 3M 3L EY 
lVS X2= 17.8 x 2 = 9.8 x 2 = 17_3 x 2 = 18.7 X2= 1t.5 x 2 = 5.7 x 2 = 7.8 x2 = 57.o x 2 = 55.o x 2 = 57.o x 2 = 44 .5 
p < 0.001 p = 0.040 p = 0.003 p < 0.001 p = 0.001 p = 0.018 p =0.16NS p < 0.001 p < 0.001 p < 0.001 p < 0.001 lS 
x 2 = 22.8 X2=9. 1 x 2 = 48.3 x 2 = 6.5 X2=33.5 1 x2 = 33.82 x 2 = 57.o x 2 = 55.o x 2 = 57.o x 2 = 53.8 
p < 0.001 p = 0.l0NS p <0.001 p = 0.06 NS p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 IM 
x 2 = 22.0 x 2 = 26.3 x2 = 17.7;] x2 = 14_2 x2 = 18.3 x 2 = 58.o x 2 = 56.o x 2 = 58.o x 2 = 36.4 
p < 0.001 p < 0.001 p < 0.001 p = 0.001 p < 0.005 p < 0.001 p < 0.001 p < 0.001 p < 0.001 lL 
x2 = 41.7 x2 = 12.1 x 2 = 29.8 x2 = 30.9 x 2 = 55.1 x 2 = 53.1 x 2 = 55.2 X2= 4t.6 
p < 0.001 p = 0.03 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 KK 
x2 = 34.o x2 = 9.6 x2 = 16.2 x2 = 55 .1 x 2 = 53.1 x 2 = 55.2 X2= 4t.9 
p < 0.001 p = 0.03 p = 0.01 p < 0.001 p < 0.001 p < 0.001 p < 0.001 2S 
x 2 = 25_ 1 x2 = 23_7 X2 =; x 2= 59.o x 2 = 61.0; x 2 = 52_ 1 
p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 2L 
x2 = 8.9 x2 = 57.o x2 = 55.o x 2 = 57.o x 2 = 43.4 
p = 0.08 NS p < 0.001 p < 0.001 p < 0.001 p < 0.001 NB 
x2 = 60.0 x2 = 58.o x 2 = 60.0 x 2 = 47.2; 
p < 0.001 p < 0.001 p < 0.001 p < 0.001 3S 
x 2 = 2.95 X2= 9. 18 x 2 = 26.8 
p = 0.l;NS p = 0.004 p < 0.001 3M 
x 2 = 6.25 x 2 = 24.4 
p = 0.03 p < 0.001 3L 
x 2 = 28.0 
_Q < 0.001 
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Replicate 1 Replicate 2 
600 
400 
>. 200 
u 
C 
Q) 
:::, 0 C"' 
Q) 
.... 
u.. Replicate 3 1 Small - 1 Medium 600 
400 
200 
0 0.1 0.2 0.3 0.1 0.2 0.3 
Gst 
Figure 5.6 Frequency histogram of Gst values obtained using a bootstrap analysis 
for each of the three replicates and between the populations of 1 Small and 1 
Medium. Vertical arrows indicate the observed Gst value. 1000 replicates were 
completed for each bootstrap analysis. 
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populatidns examined) is also highly significant (GsT = 0.059; Figure 5.5). 
Paradoxically , calculation of Nm from the GsT estimates produces values which are 
greater than 1 (Nm: Rep 1 = 3.67; Rep 2 = 4.05; Rep 3 = 1.06), suggesting that the 
level of gene flow is sufficient (relative to effective population ize) to maintain genetic 
variation within the populations (Slatkin 1985). However, because habitat 
fragmentation has occurred relatively recently , it is likely that the populations 
examined do not represent an equilibrium system. Thus, GsT is likely to be 
underestimated, causing Nm to be overestimated. 
5.4 Discussion 
5.4.1 Population structure and processes 
j; The high degree of independence of the populations and the significant GsT 
I 
values on a scale of isolation typical of the current landscape indicate that there is little 
maternal gene flow among remnant populations. Whilst it is conceivable that such 
independence is simply the historical product of a natural, discontinuous distribution, 
!1 two lines of evidence suggest that this is not the case. First, the low degree of regional 
1 I 
' differentiation observed in this study implies that the populations examined share a 
I 
I 
; 
I 
Ii 
111 
I 
i 
common origin and that the distribution of 0. reticulata was formerly continuous 
acros the study area. Second, the consistently high number of haplotypes and 
haplotype diversity in the nature reserve populations demonstrates that 'undisturbed' 
populations, separated by considerable geographic distances, have high levels of 
diversity. This suggests a consistency in diversity in pre-fragmentation populations. It 
i therefore reasonable to infer that low diversity in the remnant populations is the 
re ult of post-fragmentation processes and is not an historical artefact. 
The mtDNA data can also be used to infer trends in population size when 
combined with demographic data. The population sizes for the remnant populations 
were e timated over a two month period. Nothing is known about population sizes in 
these remnants prior to the urveys , although population densitie in the three nature 
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reserve were usually higher than those in the remnants (Chapter 4 ), o it is probable 
that many of the populations have declined since clearing. The populations in remnants 
1 Medium and 1 Large are currently very small (Table 4.2), yet both these population 
have high numbers of haplotypes and high levels of haplotype diver ity and so are 
unlikely to have been small for many generations. This implies that the size of both 
populations ha declined in only very recent times. The mtDNA data provide 
independent corroboration of population decline that was hypothesised from the 
comparative demographic study. In terms of the conservation of populations of 0 . 
reticulata within the remnants, this means that even populations in the larger remnants 
can decline and consequently are vulnerable. 
5.4.2 Implications for metapopulation structure and regional conservation 
The most important findings concerns metapopulation structure and persistence. 
If maternal gene flow between adjacent populations is low or zero, then the chance of 
recolonization following an extinction event in a remnant is correspondingly low and 
will be a limiting factor even if males are particularly good at dispersing. Low female 
dispersal al o indicates that the intrinsic rate of increase of small , vulnerable 
populations will be limited to the adult females currently in the population. If the 
number of females is small, then the population will grow only slowly - female 
0. reticulata produce a maximum of two offspring per year- even with large numbers 
of male immigrants. With many of the populations surveyed being small and hence 
vulnerable to tochastic extinction pressures (Chapter 4 ), the lack of effective 
immigration will mean an inevitable decline in the number of-o. reticulata populations. 
Given that habitat fragmentation was relatively recent, it is unlikely that thi s is a 
genetic equilibrium system. Indeed, it is likely that the system is still 'relaxing' (i.e. 
population extinction is occurring faster than population formation ) and that apparent 
effect of i olation will be further magnified in future generations. In such a 'relaxing' 
Y tern, normal genetic algorithm which are ba ed on an assumption of equilibrium are 
inappropriate and will undere timate genetic subdivi ion. The u e of mtDNA, wi th it 
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mall effective population size, provides the most likely molecular system for detecting 
uch change but has its limitations. Further data examining variation at nuclear loci 
uch a allozyme or comparable DNA techniques could be used to test hypotheses 
generated from the mtDNA, particularly population bottlenecks, isolation by distance 
and paternal gene flow. 
Understanding population processes from the current distribution of genetic 
variation requires separation of recent population phenomena resulting fron1 habitat 
fragn1entation from historical, pre fragmentation processes. This is difficult when pre-
fragmentation data are unavailable and temporal genetic studies not feasible , thus 
limiting research to comparative studies among populations. With such limitations in 
mind, this study was designed to separate current from historical processes by a 
comparison of undisturbed populations with those in habitat remnants. Consequently, 
the conclusions reached are necessarily based on the premise that levels of variation 
observed in nature reserve populations are indicative of those in all woodland before 
fragmentation. The confidence upon which such a premise rests is a function of the 
number and distribution of 1undisturbed1 populations examined, the degree of 
homogeneity among them and the level of polymorphism within and among 
populations. The three nature reserve populations examined in this study exhibited 
sin1ilar level of haplotype diversity, allowing several firm conclusions to be made 
regarding the effect of habitat fragmentation on genetic (and hence population) 
tructure. If the nature reserve populations had not exhibited consistently high levels of 
haplotype diversity, then the conclusions would have been more tenuous. These results 
emphasise the i1nportance of replicate san1pling, particularly in undisturbed habitat, and 
in combining molecular and demographic studies. Another approach for improving the 
robustne of the conclusions of comparative genetic studies in the absence of temporal 
data is to study large continuous tands of suitable habitat where genetic variation can 
be examined on several spatial scales. Unfortunately , such a study was not possible in 
the Kellerberrin region because all major stands of E. salubris!E. salmonophloia 
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woodland have been cleared and no large regions of undisturbed habitat are available 
for spatial studies. 
The u e of mtDNA for phylogeographic studies is widespread (A vise et al. 
1992; Hayes & Harrison 1992; Riddle et al. 1993) and it is now beginning to be used to 
measure population structure with application for management of long lived species 
(Bowen et al. 1992) or to determine conservation priorities (Vogler et al. 1993). The 
possibility of using mtDNA to study very recent phenomena relating to the impact of 
humans on wildlife populations has rarely been attempted and can be difficult to 
quantify given the short-term non-equilibrium nature of such impacts (Cronin 1993; 
Moritz sub.). However, as this study demonstrates, in combination with demographic 
studies, systematic sampling, adequate replication and sufficient polymorphism, 
n1tDNA data can provide important qualitative information relevant to conten1porary 
conservation management issues. 
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CHAPTER6 
The population structure of Gehyra variegata in remnant habitat: 
implications for species persistence following habitat fragmentation 
6.1 Introduction 
In a landscape where habitat fragmentation is extensive, the ability of a species 
to persist in remnant habitat for a given period of time will depend on a number of 
characteristics. Most important is the ability of the species to cope with the abiotic and 
biotic changes to its remaining habitat. Such changes, like the loss of important plant 
and animal species, changed microclimate or increased access to predators, are often 
dramatic (Lovejoy et al. 1986; Margules 1992). Persistence will also depend on the 
population size that individual remnants can support, the degree to which population 
ize fluctuates, the rate at which populations can recover from a crash in numbers and 
the ·extent to which local populations interact (i.e. form a metapopulation - Levins 1969; 
Hanski 1985, 1991; Tschamtke 1992; Gyllenberg & Hanski 1992; Burgmann et al. 
1993). The latter may be critical for maintaining populations in small remnants or the 
recolonization of a remnant following extinction and will be related to the ability of the 
species to move through the modified landscape. 
Gehyra variegata exhibits good dispersal through natural habitat (Moritz 1987; 
1992) but evidence from pitfalling (Chapter 3) and a mark-recapture study (Kitchener et 
al. 1988) suggests that movement through an agricultural lanqscape like the Western 
Australian wheatbelt may be more restricted. This low rate of movement suggests that 
G. variegata has been able to maintain its high occupancy rates through low extinction 
rates. Implicit in such a sugge tion is that population sizes of this species are 
sufficiently large (even in very small remnants) to avoid extinction through stochastic 
environn1ental, demographic and genetic processes. 
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In thi chapter, I estimate the sizes of G. variegata population in the woodland 
remnant de cribed in Chapter 2 to test the hypothe is that G. variegata maintains large 
population in habitat remnants. I also investigate the effect of habitat fragmentation 
and remnant ize on population structure and habitat utilisation of G. variegata through 
comparisons with populations in the three nature reserves. The results are used to 
di cus the likely reasons for the high levels of remnant occupancy of this species and 
possible future trends in its levels of persistence. 
6.2 Materials and methods 
6.2.1 Population size estimates 
Size estimates of the 12 G. variegata populations introduced in Section 2.2.2 
(Figure 2.3) were obtained using a combination of two methods. First, the sizes of eight 
population were estimated using mark-release-recapture methods. Second, these 
estimates of population size were used to calculate the density of animals (per log or 
dead tree) which were regressed against an index of catch per unit effort (CPU; mean 
number of G. variegata observed in the first two hours of survey by two observers) to 
estimate the relationship between CPU and absolute lizard abundance. CPU was then 
used in the other remnants to estimate population size from this relationship as 
explained below. 
To obtain the mark-recapture population estimates, eight populations ( 1 Very 
Small , 1 Small, 1 Medium, 2 Very Small , 2 Small, 2 Medium, 3 Small and 3 Medium) 
were sampled over several nights, each night being treated as-a separate sample. The 
mo t critical assumption of mark-recapture population size estimates is that all animals 
are equally catchable. In this study, the equal catchability of individual s was tested by 
examining the fit of the distribution of frequency of captures to a zero truncated poi son 
distribution (Caughley 1977) in the five populations ( 1 Small , 1 Medium, 2 Small , 2 
Medium, 3 Small) from which ufficient sample were obtained (Table 6.1). In all of 
the e populations, the di tribution of the frequency of capture did not depart 
\, 
1: 
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TABLE 6.1 Tests for zero trucated Poisson distribution 
(equal catchability) in populations of Gehyra variegata 
for which there were sufficient recaptures to enable the 
test. The method used follows that described by 
Caughley (1977). Cells were pooled when expected 
frequencies were less than 5. 
Remnant x2 value d.f. p 
1 Small 1.148 1 > 0.25 
1 Medium 1.632 1 > 0.10 
2 Small 0.1591 1 >0.50 
2 Medium 1.486 2 > 0.30 
3 Small 2.045 2 >0.30 
I· 
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ignificantly from a zero truncated poisson di tribution, providing no evidence of 
unequal catchability. 
95 
The econd major assumption made is that there are no births, deaths, 
immigration or emigrations during sampling. The impact of these processes was 
nunimised by amp ling each population between birth pulses (November 1991 to 
February 1992) and over as short a time period as possible (mean time between first and 
la t sample = 48 days). Only one individual that could have been a hatchling was 
captured in thi period and, as described in Chapter 3, negligible migration can be 
expected over this time scale. 
A linear regression of the number of individuals marked in the population (M) 
against the proportion of each sample that was marked (P) was used to estimate the size 
of the eight populations. This was used in preference to Shumacher's method (Caughley 
1977), which a umes a linear relationship through the origin. In this study, the 
relation hip between M and P appeared to be linear in all populations but in several 
populations the regression line did not pass within two standard deviations of the origin, 
thus invalidating Shumacher's method. The regression equation estimating M from P 
was obtained for each population and used to estimate the population size at P= 1. In 
each estimate, greater than 60% of the population was marked and each population 
sampled between three and seven times. 
Den ity (D; mean number of G. variegatallog or dead tree), weighted by the 
inver e of the variance of the population estimates divided by the total number of trees , 
was highly correlated with CPU (R2 = 0.87, p = 0.002). This linear relationship takes 
the form: 
D = 0.693 + 0.048CPU 
and wa ub equently used to estimate the population size for 3 Very Small , 1 Large, 2 
Large and 3 Large. The 95 % confidence linlits for all estimates were calculated using 
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the method of Sokal & Rohlf (1981 ). All regression analyses were carried out using the 
tatistical package SAS version 6.06 (SAS Institute 1988). 
6.2.2 Age structure and sex ratios 
To examine the age structure of the study populations, an estimate of growth 
rate within the populations was obtained and then used to estimate the relationship 
between snout vent length and age. The method used follows that described in 
Chapter 4 for 0. reticulata (see section 4.2.3 for full description of the methods and 
formulae used) where three growth models (Von Bertalanffy, Logistic-by-Length and 
Logistic-by-Weight) commonly used in reptile studies were fitted to growth data 
collected from 36 individuals from several populations that were captured in 1989 and 
1990/91 and then recaptured in 1991/92. The data were fitted to all growth equations 
using a non-linear, least squares procedure (PROC NLIN; SAS Institute 1988) where 
the parameters a and r were seeded with initial best guesses. The models were 
compared on the basis of their residual mean squares with the smallest resid1:1al mean 
square indicating the model with the best fit (Dunham 1978). The estimation of age 
structure from the distribution of SVLs and the observed sex ratios of the individuals 
captured wa used to determine the proportion of adult females and males in each 
population. 
6.3 Results 
6.3.1 Population size estimates 
The population size e timates for the 12 remnant populations surveyed ranged 
from 7 + 4 (3 Very Small) to 395 + 365 (3 Large) (Table 6.2). In general, the 95% 
confidence limits of the eight population size estimates obtained using mark-recapture 
method permit considerable confidence. The one exception to thi s i the estimate for 
population 2M which had wide confidence limit resulting from a small number of 
sample (3) de pite 60% of the final ample being marked. The confidence limits for 
the population ize e timate IL, 2L and 3L are comparatively large, but permit a rough 
I , 
1: 
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TABLE 6.2 The estimated population sizes for the Gehyra variegata populations 
12 habitat remnants. * = Population estimates obtained by regression analysis of 
number marked in the population by the proportion of animals captured that are 
marked; LCL = Lower 95% confidence limit, UCL= Upper 95% confidence limit; 
CPU = mean number of individuals observed in the first 2 hours of searching; 
Sample = number of samples of the G. variegata population. The proportion of the 
final sample that were marked is given in brackets for those estimates obtained 
through mark-recapture estimates. VS= Very Small; S = Small; M = Medium; L = 
Large; KK = Kodj Kodjin; NB= North Baandee Nature Reserve; EY = East 
Y orkrakine Nature Reserve. 
Remnant Population LCL UCL Sample CPU Density Density 
Size (95%) (95%) (Number/ (Number/ha) 
log) 
1 VS 15* 0 28 4 (0.75) 6.33 1.38 30.0 
1 S 39* 26 45 6 (0.85) 10.00 0.86 80.6 
lM 35* 25 51 4 (1.00) 12.40 0.90 25.1 
1-L 294 0 668 4 3.00 0.84 73.5 
2 vs 34* 21 47 3 (0.60) 19.00 1.70 113.3 
2S 23* 5 41 5 (0.67) 5.40 0.68 40.2 
2M 140* 0 464 3 (0.62) 32.00 50.0 
2L 280 16 544 3 5.00 0.93 70.0 
3 vs 7 3 11 3 9.33 1.14 46.3 
3S 51* 41 61 9 (1.00) 14.00 1.35 82.9 
3M 22* 19 25 3 (0.67) 2.20 0.80 10.1 
3L 395 31 760 2 22.00 1.75 73.1 
KK 5 7.00 1.03 
NB 1 6.00 0.98 
EY 2 9.50 1.15 
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indication of population sizes in these remnants. Population size is highly correlated 
with area (R 2 = 0.89; p = 0.0001; Figure 6.1 ) which uggests that population sizes 
within the remnant are limited by the amount of habitat available. It al o implies that 
non linear phenomena associated with remnant size (such as edge effects) are not 
influencing population size. 
While remnant area is a useful approximate of habitat availability, it cannot be 
used uncritically as illustrated by remnant 3M which contains one of the smallest 
populations and has a very low density by remnant area (no. per ha = 10.1; mean all 
remnant populations= 57.9, SE=+ 29.4) but has a comparatively high density by an 
index of habitat (Density 3 Medium= 0.80 per log; mean all remnant populations = 
1.12 per log, SE=+ 0.37). These results are in marked contrast to the results of the 
tudy of 0. reticulata (Chapter 4) which showed very little relationship between 
remnant size or an index of habitat size (number of smooth-barked eucalypts) and 
population size. This contrast indicates that the two species are responding to quite 
different pressures, resulting in one species which is able to maximise its abundance 
within the available habitat and another which apparently cannot. 
The CPU values for surveys of G. variegata in the three nature reserves are 
somewhat less than those observed in the remnants (although there was considerable 
variability between remnants: mean CPU remnants= 11.7, SE=+ 8.87; mean CPU 
nature reserves= 7 .5, SE=+ 1.8). However, reduced visibility caused by the preference 
of G. variegata for the foliage of mall shrubs (see below) in the nature reserves 
probably cau ed an underestimation of CPU values in the nature reserve populations. 
6.3.2 Population structure 
The comparison of the three growth model examined demonstrated little 
difference between the residual mean square values or the estimates of asymptotic size 
and the intrin ic growth rate (Table 6.3). However, the Von Bertalanffy model has a 
marginally maller residual mean quare than the other two and has been used to 
I , 
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Figure 6.1 Linear regression of population size and remnant area of Gehyra 
variegata populations in twelve remnants in the Kellerberrin study area. 
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TABLE 6.3 Residual mean square (RSSQ/N) estimates and fitted values 
obtained for the parameters a and r of three growth models: Von Bertalanffy, 
Logistic-by-Length and Logistic-by-Weight. a= the asymtotic length; r = 
intrinsic growth rate. The 95% confidence limits for each parameter are given 
in brackets. 
Model RSSQ/N a r 
Von Bertalanffy 127 55.32 (53.84 - 56.79) 0.85 (0.54 - 1.17) 
Logistic-by-Length 130 55.06 (53.78 - 56.34) 1.05 (0.71 - 1.40) 
Logistic-b~-weight 133 54.85 (53.70 - 56.00) 1.28 (0.90 - 1.66) 
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estimate the relationship age from snout vent length for individual G. variegata . Using 
the general Von Bertalanffy equation (described in Section 4.3.2) : 
where Lt= snout vent length at time t and a and rare the parameter values given in 
Table 6.3 . The parameter 'b' is a variable related to size at birth and was estimated to be 
0.505 based on the assumption that size at birth is 27.4 mm (the smallest individuals 
observed in the Konnongorring population by Kitchener et al. 1988). Using this 
relationship, individuals at one year of age are estimated to have a SVL < 43.4 mm and 
individuals at two years of age to have a SVL < 50.3 mm. These sizes are similar to 
those observed by Henle (1990) (38 mm and 49 mm respectively) but greater than those 
observed by Kitchener et al. ( 1988), who estimated that the SVLs of G. variegata were 
about 40.7 mm at two years of age. G. variegata mature in their third year (Bustard 
1968 ; Kitchener et al. 1988; Henle 1990), and in this study the mean SVL of gravid 
females = 53.7 mm (SE= 0.31 , n = 90), confirming that individuals in their third year 
were usually larger than 50 mm SVL (cf 44.5 mm - Kitchener et al. 1988). The age 
structure of each population based on the distribution of SVLs in the 1991/92 sample is 
provided in Table 6.4. These results show that most populations have an age 
distribution heavily skewed towards adult individuals with few individuals aged less 
than 2 years in most populations (Figure 6.2). The exceptions to this are 1 Small and 2 
Very Small which have approximately 40% of their populations at an age less than two 
years. These data suggest that survival to two years is low in most populations but are 
also typical of a stable population structure of a species with a long life span and low 
fecundity (Heatwole & Taylor 1987). They also suggest that none of these populations 
with the po ible exceptions of 1 Small and 2 Very Small are rapidly expanding. 
There i ome variation among remnant in the proportion of individuals less 
than one year but little when examined over the first two years. The most likely 
explanation for this is bias caused by sampling at different times in different remnants. 
Unlike 0. reticulata , G. variegata lay two clutche , one in October, the other in January 
i: 
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TABLE 6.4 The age and sex structure of captures of Gehyra variegata for all 
remnants and nature reserves between 15/11/91 and 23/2/92. % < 1 year = % 
of the total numbers captured that were less than one year; % female = % of 
adults captured that were female; % adults = % of total capture that were 
older than 2 years. Total number of adults = the proportion of sample that 
were adult * the estimated population size (Table 6.1). Total number of adult 
females = the proportion of sample that were female * Total number of 
adults. Refer to Table 6.2 for abbreviations to population names. 
Population Sample % % adults % Total Total 
size < 1 year female adults adult 
females 
1 VS 12 0 92 33 14 5 
1 S 40 20 60 63 23 14 
IM 33 3 70 65 25 16 
1 L 15 7 80 50 235 94 
2 vs 28 11 60 41 20 8 
2S 20 5 75 53 17 9 
2M 57 4 82 62 115 71 
2L 33 3 85 50 238 119 
3 vs 9 0 78 71 5 4 
3S 52 19 69 56 35 20 
3M 19 11 89 53 18 10 
3L 57 3 81 57 320 182 
KKNR 34 3 82 39 
NBNR 32 0 75 71 
EYNR 45 0 85 63 
j'. 
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Figure 6.2 The frequency distribution of size classes across all populations of 
Gehyra variegata. Approximate size at one year and two years is marked. 
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(Kitchener et al. 1988) creating a split age-class within the first year. 1 Small and 3 
Small were ampled in December 1991 and thus both sets of hatchlings from the 
previous ummer would have been recorded as less than one year. 
Sex ratios varied considerably among populations, with 1 Very Small, 2 Very 
Small and Kodj Kodjin populations containing fewer males than females and North 
Baandee and 2 Medium populations contained somewhat n1ore males than females. 
However, these differences were not statistically significant (X2 = 11.39; d.f. = 13; 
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p > 0.5; excluding 3 Very Small) and probably reflect variation caused by small sample 
sizes in many of the populations. 
One of the most interesting features of the G. variegata populations examined in 
this study is the extremely small size of many of them. Eight of the remnants examined 
contain populations of less than 50 individuals (Table 6.2) and an estimated number of 
adult females of less than 25 (Table 6.4 ). Thus, these populations must be considered 
vulnerable to stochastic demographic and genetic processes. Even the larges_t population 
numbers less than 400. Most models of population viability (e .g. Goodman 1987; 
Kinnaird & O'Brien 1991) and evidence from field observation (e.g. Tscharntke 1992) 
would suggest that in the absence of immigration, these populations are extremely 
vulnerable to extinction through stochastic processes. 
6.3.3 Habitat utilisation 
Gehyra variegata was found in a wide range of habitats (Table 6.5) 
demonstrating the generalist nature of its habitat requirements-; but exhibited a marked 
difference in habitat preference between the remnants and nature reserves. In the 
remnants , with little or no shrub understorey , G variegata was n1ost commonly 
observed on logs or dead tree (71 % of all observations) or low on smooth-barked 
eucalypts (21 % ), whereas in the nature reserves where both logs and a shrub understory 
are comn1on, 45 % of G. variegata were observed on shrubs and only 40% were 
ob erved on log and dead tree (X2 = 244, d.f. = 1, p < 0.001). This represents a 
~ -- - -- - ~ - - -· - - _,,I ;--~ -- ...,....._r 
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TABLE 6.5 The number of Gehyra variegata observed or captured on each habitat type within all woodland remnants in the 1991/92 sample. ~ 
"""-
See Table 6.2 for key to population abbreviations. ~ ""l 
°" I 
VJ 
Habitat type Population N' ~ 
~ 
;:::s 
~ 
lVS lS lM lL 2VS 2S 2M 2L 3VS 3S 3M 3L KK NB EY Total ~ q 
;:: 
~ 
"""-;:: 
""l 
Ground 0 0 0 0 1 0 2 1 0 2 2 0 0 0 0 8 ~ 
Logs 11 39 60 14 33 24 122 42 5 57 26 49 28 6 4 520 ~ 
Posts & stumps 0 0 1 0 0 0 1 2 0 6 0 0 3 2 0 15 ~ 
Twigs & sticks 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 ,,::: ~ 
Dead upright trees 1 13 0 2 1 27 13 1 3 10 2 3 1 0 0 77 ::3. ~ 
Shrubs 0 0 0 2 2 0 16 0 0 0 0 1 7 20 23 71 ~ ~ 
Rough-barked Euc. Spp. 4 0 1 0 2 0 6 0 0 8 0 2 0 0 6 29 s-
Smooth-barked Euc. Spp. ' 9 21 10 1 10 22 23 4 3 64 2 0 2 4 4 179 ~ 
Rubbish 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 3 ~ ;:: 
s-
~-C 
-~ ~ 
~ 
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considerable shift in habitat use for G. variegata. Presumably, shrubs are favoured by 
G. variegata when available because insects are attracted to the foliage and flowers and 
thu provide a major supply of food. Aggregations of G. variegata ( often gravid 
females) have also been observed feeding on the sap of Acacia acuminata and it has 
been suggested that the sap may provide the species with a concentrated source of 
energy with which to produce successive clutches (Dell 1985). The absence of shrubs 
from the remnants may reduce the carrying capacity of the remnants although a 
reduction was not apparent in this study. 
The presence or absence of 0. reticulata in a remnant did not noticeably affect 
the type of habitat occupied by G. variegata (mean % on smooth-barked eucalypts 
without 0. reticulata = 17.5, n = 3; with 0. reticulata = 19.0, n = 9), indicating that 
j'. G. variegata was not prevented from using the upper trunks of smooth-barked 
eucalypts by competition with 0. reticulata. 
6.4 Discussion 
The high levels of occupancy of G. variegata recorded in Chapter 3 has been 
achieved in the face of major changes to the habitat of G. variegata, even to the point 
where a considerable proportion of its natural habitat (i.e. shrub understory) is no longer 
available. G. variegata has responded to this change by altering its habitat usage 
considerably. Several other species of terrestrial and semi-arboreal geckos found in the 
woodland nature reserves of the Kellerberrin region ( Crenadactylus ocellatus, 
Diplodactylus granariensis, D. maini, D. pulcher, D. spinigerus - Dell & Chapman 
1978; Chapman & Dell 1980; G. Smith unpublished data) are not present in any ot the 
renmant studied here. While some of these species may have been vulnerable because 
of initial low density (Soule et al. 1992), they are also very specialised in their habit 
requirement , heltering in spider burrows, leaf litter or shrubs (Storr et al. 1990). These 
habitat niches have not been well n1aintained in grazed remnants. Clearly, these species 
have been unable to cope with the changes in habitat caused by fragmentation and 
I, 
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grazing. The habitat generalism of G. variegata therefore appears to be critical to its 
per istence in remnant habitat. 
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The population size estimates obtained for the 12 remnant populations in this 
study show that many remnants have very small populations. These populations are 
likely to be vulnerable to extinction through stochastic processes alone. The smallest 
population of even individuals (3 Very Small) must be considered extremely 
vulnerable and is likely to have a small expected persistence time. Many of the 
populations are comprised of less than 50 individuals so their effective population sizes 
(both genetic and demographic; Caughley 1994) are likely to be dangerously small. 
It is possible that these small population sizes have been reached only recently 
and result from a gradual decline from larger populations caused by a decrease in 
habitat quality. A predicted outcome of this explanation is that the extinction rate of 
G. variegata populations will increase in the near future, given the current small size of 
n1any of the populations. The absence of a shrub understoi-y certainly suggests a loss of 
habitat quality in the remnants. As seen from surveys in the three nature reserves and 
from other population studies of this species (Dell 1985; Kitchener et al. 1988; Henle 
1990), G. variegata will often forage in shrubs. A decline in this type of vegetation 
within the remnants may have decreased the carrying capacity of the remnants in recent 
years and caused a subsequent decline in their resident populations. However, the 
possibility of a decline in population size resulting from changes in habitat quality is 
not supported by the results of this study. In particular, the similarity of population 
densities of nature reserve and remnant populations observed in this study (although 
densities in the nature reserves n1ay be underestimates) is not indicative of population 
decline. Further, the high occupancy rate of G. variegata (97%) in woodland remnants 
(Chapter 3) would be unlikely if the populations are in decline and not interacting, 
particularly (given the significant relationship between population size and remnant size 
observed in the present study) a many contain populations comprising only a few 
individual . 
I , 
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A econd explanation for the persistence of such small populations is that 
movement between remnant populations is sufficient to counteract extinction pressures 
in remnants with even very small populations. That is, G. variegata forms a 
metapopulation which enables small populations to persist, through the rescue effect 
(Brown & Kodric-Brown 1977), by inunigration from other remnants. The likelihood 
that the G. variegata populations are maintained ( at least in part) by a metapopulation 
structure is supported by the consistency in population density, sex ratio and age 
tructure among remnant populations. Such consistency is unlikely in small, completely 
insular populations and indicates that there is some movement between local 
populations. This is in contrast to 0. reticulata populations which showed considerable 
variation in density and sex ratios (Chapter 4) among populations in the same remnants 
tudied here. The differences between the two species do not result from differences in 
population size because G. variegata populations are generally smaller than those of 
0. reticulata (mean population size in the Small remnants: 0. reticulata = 100, 
SE= 82.0: G. variegata = 38, SE= 14.0) and so should be more prone to stochastic 
variation in population parameters. These lines of evidence suggest that, as 
hypothesised in Chapter 3, migration is a critical component to the maintenance of a 
high occupancy rate in woodland remnants by G. variegata. Generalist habitat 
requirements probably contribute to the ability of G. variegata to move through the 
agricultural landscape of the Kellerberrin study area by enabling individuals to establish 
themselves temporarily in small refuges such as fence posts, refuse and rock piles. 
Taking advantage of such refuges , individuals can migrate between larger populations. 
More speciali ed species like the arboreal 0. reticulata probably require contiguous 
woodland for migration to occur. The rate of this movement is unknown, but evidence 
from pitfalling and mark-recapture studies (Chapter 3; Kitchener et al. 1988) suggests 
that it is low. 
Whil t the degree of habitat generalism of G. variegata has apparently caused a 
comparatively low rate of population extinction in the Kellerberrin tudy area, the high 
longevity of G. variegata may al o contribute to this low rate. If this i the case, then 
,, 
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the current level of remnant occupancy may encourage inflated estimates of population 
persistence times because adults, with a high probability of survival, may linger on in 
remnants even if they are not reproducing at a sufficient rate to ensure long-term 
population viability. This type of lag effect, or demographic inertia, may operate in 
many species with similar long-lived, low fecundity life history characteristics and lead 
to an underestimate of the vulnerability of such species to extinction following recent 
habitat fragmentation. In the case of G. variegata, a thorough knowledge of effective 
migr~tion rate and dynamics will be essential before the contribution of such inertia to 
persistence time can be estimated. 
CHAPTER 7 
Morphological variation and fluctuating asymmetry 
in Oedura reticulata and Gehyra variegata following 
habitat fragmentation 
7 .1 Introduction 
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One aspect of human-induced environmental change that is usually ignored in 
discussions on the conservation of biodiversity is that of speciation. Balon (1993) 
uggested that human induced environmental change may well contribute to the process 
of species formation by providing novel environments and selection pressures upon 
natural populations. Balon (1993) argued that the processes of species formation must 
be considered together with that of species extinction in nature conservation, and that 
conservation should be aimed at maintaining the status quo between the two processes 
rather than simply preserving extant species. 
Habitat clearance and its subsequent fragmentation of populations and 
ecosystems is probably a major cause of population and species extinction (Newmark 
1991; Harris & Silva-Lopez 1992). Conversely, habitat fragmentation could provide 
conditions that permit rapid divergence among populations within a species (Berry 
1971 ), particularly because the fragmentation of natural populations and radical 
changes to the intervening habitat will often cause the isolation of populations 
(Saunders et al. 1991; Harris & Silva-Lopez 1992). The obvious analogy to this is the 
high rate of morphological divergence and incipient speciation among populations on 
continental i lands following the last rise in sea level ( e.g. Soule 1966; Case 1982; 
Schwaner 1985; Schwaner & Sarre 1988; Sarre & Dearn 1991). Habitat fragmentation 
may provide imilar conditions by restricting gene flow and population size and thus 
promoting divergence among populations through rapid genetic drift (Wayne et al. 
,. 
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1992) and inbreeding as well as providing new and often extreme selection pressures on 
remnant populations. 
In the Kellerberrin region, vegetation clearance has been extreme and much of 
the vegetation that remains has been degraded by erosion, rises in the water table and 
altification of formerly arable land (Arnold & Weeldenburg 1991; Hobbs 1993). This 
type of radical landscape transformation is likely to provide the extremes of extinction 
and speciation pressure upon incumbent organisms and provide an opportunity to study 
the response of natural populations to such pressures. 
The differing life history characteristics of 0. reticulata and G. variegata 
(Chapter 2) allow two clear predictions to be made concerning the evolutionary 
response of each species to fragmentation. First, the high degree of insularity and 
habitat specialisation would cause more rapid morphological divergence among 
populations of 0. reticulata than among populations of the more vagile G. variegata. 
Second, the stress caused by living in a more marginal environment will cause a 
decrease in developmental stability within populations. This is because environmental 
changes such as reduced understorey diversity and structure and altered prey abundance 
and diversity as well as thermal and water regimes within the remnants will alter the 
quality of the habitat available to both species. In this chapter, I test these predictions 
by examining morphological variation within and among populations of both species 
using stepwise discriminant function analysis and a measure of developmental stability 
(fluctuating asymmetry). 
7 .2 Materials and Methods 
7.2.1 Data analysis 
Sexual dimorphi m (which has been ob erved in 0. reticulata but not 
G. variegata; Kitchener et al. 1988) and morphological divergence among populations 
were examined u ing a stepwise canonical discriminant function analysis of the metric 
and n1eri tic characteristic snout vent length (SVL), head length (HL), snout length 
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(SNL), hind limb length (HLL), head width (HW), inter-orbital width (IOW), rostral 
width (RW), rostral height (RH), eye diameter (Eye), supra labials (SL) and infra 
labials (IL). Metric characters were measured with Vernier Dial Callipers and a steel 
rule while meristic counts were obtained using a light microscope. A total of 659 
0. reticulata (270 males and 389 females ) and 477 G. variegata (217 males; 260 
female ) were used in these analyses. 
112 
The tepwise discriminant function analysis establishes a subset of measurement 
variables that best discriminates among the values of the categorical variables sex and 
population. Only variables that were significant at the 0.05 level contributed to the final 
discriminant function. The functions were then tested for their ability to predict the sex 
or population of individuals by resubstitution. All populations were pooled for the 
analysis of sexual dimorphism. For the examination of population differences , the 
analyses were conducted for all populations and then separately for the remnant and 
nature reserve populations and for the different remnant size classes. These analyses 
were restricted to females to avoid confounding by differences between the sexes and 
because females were in the majority of most sampled populations of both species. 
Snout vent length was first forced into all discriminant function analyses to 
eliminate the effect of variation in size among individuals before subsequent variables 
were tested for discrimination. For all multivariate analyses, only mature individuals of 
both species were used. In chapters 4 and 6, the size at adulthood was estimated to be 
68 mm and 50 mm for 0. reticulata and G. variegata respectively. Consequently, only 
individuals of that size or greater were considered for all analyses. 
Fluctuating asymmetry , defined as the degree of random difference between left 
and right side of bilateral structures (Mather 1953 ; Van Valen 1962), in two n1eristic 
characters (IL and SL) was used as an indicator of the relative levels of developmental 
stability within each population . Fluctuating asymn1etry is a product of the interaction 
of the environn1ental stress experienced by an individual during development and its 
genotype and ha been suggested by several author (W ayne et al. 1986; Leary & 
II 
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Allendorf 1989; Parsons 1990; Sarre et al. 1994) as an indicator of stress in captive and 
natural populations. Meristic characters were used because the accurate measurement of 
metric characters was not possible in the field and the labial scales were the only 
meristic characters that could be scored consistently. The population fluctuating 
asymmetry parameter (FA) was estimated for each character using the formula: 
FA= I(L - R)2fN 
where Lis the left-hand side count, R the right-hand side count and N the sample size 
(Palmer & Strobeck 1986). This formula was used because of its sensitivity to small 
variations in fluctuating asymmetry (Palmer & Strobeck 1986) and is valid provided 
fluctuating asymmetry values are independent of character size and directional 
asymmetry and anti-symmetry are absent. These assumptions were tested within each 
population visually in the following manner. Plots of mean counts [(R + L)/2] against 
asymmetry (R - L) were examined for variation of fluctuating asymmetry with 
character size and plots of the frequency of signed differences between left- and right-
hand side counts were used to assess trends in anti-symmetry and directional 
asymmetry within populations. No clear trends were apparent, so it is assumed that 
fluctuating asymmetry was independent of character size and that skewness or 
platykurtic or bimodal distributions were absent. Sexual dimorphism in fluctuating 
asymmetry within each population was tested by means of non-parametric Wilcoxon 
tests of unsigned differences between left- and right-hand side measurements (Sokal & 
Rohlf 1981 ). Only one of the 44 Wilcoxon tests was significant at the 0.05 level , 
indicating that there is no sexual dimorphism in levels of fluctuating asymmetry . As a 
consequence, all fluctuating asymmetry analyses were conducted using the combined 
sexe . The fluctuating asymmetry values for each character were corrected by dividing 
by the mean character size for each population and mean levels of fluctuating 
asymmetry for each population obtained by averaging the corrected values for both 
characters within each population. All statistical analyses were carried out using the 
programme SAS version 6.07 (SAS Institute 1988). 
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7.3 Results 
7.3.1. Sexual dimorphism and variation among and within populations 
Oedura reticulata 
Stepwise discriminant function analysis of 0. reticulata derived three characters 
(SVL, HW and HLL) that di~criminated significantly between the sexes. The inclusion 
of population in the discriminant function did not alter the significance of these 
variables, indicating that SVL, HW and HLL will discriminate between the sexes 
regardless of the population. SVL was included in the discriminant function first even 
when not forced in, indicating that size is a key component to sexual dimorphism 
within the species. Mean SVL values between the two sexes show that, as reported by 
Kitchener et al. (1988), females are marginally larger than males (Table 7 .1 ). The 
significance of the variable HW also suggests that sexual dimorphism in this species 
may involve differences in head shape, with males having broader heads rel~tive to 
SVL than fen1ales. Despite the significance of the three variables in the discriminant 
function analysis, the error count for classification to the correct sex was poor (32% ), 
indicating that while the species is sexually dimorphic in size and perhaps head shape, 
there is considerable overlap in these traits between the two sexes. 
Stepwise discriminant function among adult females in all populations produced 
seven characters (HL, RW, HLL, SNL, HW, RH and SL), after the forced inclusion of 
SVL, that di criminated significantly between populations. This indicates that some 
n1orphological differences exist between populations but the error rate upon 
resubstitution was high (62% misclassified), indicating that morphological overlap 
between the populations is con iderable. When the nature reserve and remnant 
populations were analysed separately , the error rate declines substantially to 28 % 
among the three nature reserves and 25 % and 36% among the three 'large' and three 
' n1all ' remnant populations re pectively. These error rates are still high· and indicate 
little morphological differentiation i present in this species in the Kellerberrin region. 
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TABLE 7.1 Mean values for all variables used in the discriminant function analyses 
for differences between sexes and among populations of Oedura reticulata. Pop = 
population; see text for explanation of abbrieviations. N = sample size; Standard errors 
are given in italics. VS= Very Small; S = Small; M = Medium; L = Large; KK = Kodj 
Kodjin Nature Reserve; NB = North Baandee Nature Reserve; EY = East Yorkrakine 
Nature Reserve. 
Pop Sex N SVL HLL HL SNL HW IOW RW RH Eye SL IL 
All M 140 70.59 25.32 16.86 6.25 8.16 6.61 2.75 1.40 3.40 11.83 11.12 
0.15 0.12 0.09 0.03 0.06 0.04 0.01 0.01 0.02 0.08 0.08 
F 334 72.89 25.93 17.20 6.32 8.04 6.73 2.81 1.43 3.41 11.76 11.13 
0.14 0.08 0.05 0.01 0.04 0.02 0.01 0.01 0.01 0.05 0.05 
lVS F 8 73.09 26.25 17 .71 6.45 7.75 6.48 2.75 1.38 3.34 12.12 1 1. l 3 
1.31 0.25 0.40 0.08 0.26 0.10 0.06 0.03 0.05 0.27 0.30 
lS F 48 72.99 25.65 17.33 6.41 7.70 6.81 2.81 1.48 3.40 11.86 11.29 
0.36 0.25 0.12 0.04 0.13 0.06 0.03 0.02 0.03 0.14 0.12 
2S F 24 72.42 25 .88 17.23 6.33 8.12 6.90 2.73 1.45 3.40 11.54 l 1.29 
0.55 0.30 0.18 0.06 0.18 0.10 0.05 0.03 0.04 0.18 0.15 
3S · F 28 74.77 26 .79 17.50 6.31 8.40 6.81 2.84 1.49 3.41 11.68 10.68 
0.51 0.21 0.19 0.04 0.14 0.09 0.03 0.03 0.03 0.17 0.17 
IM F 16 74.04 26.38 17.29 6.39 8.48 6.78 2.74 1.44 3.43 12.19 11.19 
0.64 0.19 0.19 0.05 0.20 0.14 0.05 0.05 0.07 0.21 0.19 
3M F 96 73.66 25.94 17.22 6.31 8.09 6.62 2.81 1.38 3.43 11. 71 11.02 
0.29 0.20 0.13 0.04 0.09 0.08 0.02 0.02 0.04 0.14 0. 14 
IL F 14 70.00 25.43 15.99 6.15 7.62 6.72 2.73 1.33 3.25 11.79 11.07 
0.38 0.25 0.17 0.05 0.17 0.14 0.07 0.04 0.07 0.26 0.22 
2L F 22 74.00 26.50 17.56 6.38 8.16 7.00 2.85 1.43 3.38 11.64 l 1.14 
0.62 0.28 0.21 0.05 0.15 0.08 0.04 0.03 0.04 0.21 0.19 
3L F 29 71.85 25.62 17.40 6.26 7.90 6.63 2.86 1.44 3.48 12.10 11 .03 
0.46 0.21 0.15 0.03 0.07 0.06 0.03 0.02 0.07 0.14 0.16 
KK F 31 72.51 25.10 16.58 6.25 8.40 6.71 2.71 1.41 3.37 11.87 11.26 
0.43 0.28 0.14 0.05 0.09 0.07 0.05 0.03 0.04 0.14 0.15 
NB F 28 71 .99 26.61 16.88 6.26 8.18 6.70 2.90 1.39 3.43 11.75 11.32 
0.47 0.29 0.18 0.05 0.10 0.10 0.03 0.03 0.04 0. 15 0. 15 
EY F 33 71.27 25.61 17.52 6.28 7.78 6.56 2.82 1.42 3.47 1 l .33 11.06 
0.39 0.27 0. 12 0.05 0.08 0.05 0.03 0.02 0.06 0.14 0.16 
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The result are consistent with the study of mitochondrial DNA variation (Chapter 5) 
which showed no distinct regional pattern to variation in mtDNA. The similarity of 
re ub titution error rates between the nature reserve populations and those of the two 
groups of remnant populations indicates that population fragmentation caused by 
habitat fragmentation has, at present, resulted in little or no divergence in 
morphological characters. Only allocation to the population IL is considerably lower 
than all other populations (error rate= 16%) which is indicative of some morphological 
divergence in this population. 
Gehyra variegata 
Stepwise discriminant function analysis of morphological characters in 
G. variegata found three variables (HL, HW and Eye) that discriminated significantly 
between the sexes after the inclusion of SVL, indicating that there is sexual dimorphism 
within the species (probably related to size - females > males - and head shape) 
although the differences are only small (Table 7.2) and, as with sexual dimorphism in 
0. reticulata, the discriminant function was a poor predictor of sex (30% misclassified) 
following resubstitution, indicating that the sexes exhibit considerable morphological 
overlap. The inclusion of population in the discriminant function did not improve the 
ability of the discriminant function to predict sex. 
The stepwise discriminant function analyses of morphological differences 
among populations of females of G. variegata found eight metric and meristic variables 
(IOW, SNL, HW, Eye, SL, RW HL, IL) which discriminated significantly among 
remnant and nature reserve populations after the inclusion of SVL. As with the analysis 
of variation among 0. reticulata populations, the error rate following resubstitution was 
poor (61 % ), indicating that despite its significance, the discriminant function was 
unable to di crinunate succe sfully an1ong populations. Separate analyses among 
populations in the different remnant size classes and the nature reserve populations 
were imilarly poor discriminator , indicating that habitat fragmentation has had no 
detectable effect on morphological divergence among populations. 
I, 
Chapter 7 - Morphology of 0. reticulata and G. variegata 
TABLE 7.2 Mean values for all variables used in the discriminant function analyses 
for differences between sexes and among populations of Gehyra variegata. Pop = 
population; see text for explanation of variable abbrieviations. N = sample size; 
Standard errors are given in italics. 
Pop Sex N SVL HLL HL SNL HW IOW RW RH Eye SL IL 
A11 M 229 53.14 19.69 12.98 4.53 6.81 5.05 2.00 1.12 2.86 9.01 8.70 
0.15 0.08 0.04 0.01 0.03 0.05 0.05 0.01 0.01 0.05 0.06 
F 274 54.23 20.01 12.71 4.54 6.67 5.15 1.96 1.11 2.89 9.04 8.78 
0.17 0.08 0.05 0.02 0.03 0.04 0.03 0.01 0.01 0.05 0.05 
1V F 6 55.17 20.33 12.65 4.65 6.32 5.18 1.90 1.17 3.00 8.33 8.67 
0.95 0.33 0.12 0.07 0.10 0.28 0.04 0.04 0.04 0.21 0.49 
2V F 12 52.47 20.00 12.60 4.43 6.33 4.95 1.82 1.03 2.81 9.42 8.83 
0.83 0.64 0.25 0.10 0.14 0.11 0.04 0.04 0.06 0.19 0.27 
3V F 6 55.18 19.83 13.02 4.57 6.83 5.47 1.88 1.07 2.87 8.67 8.50 
0.86 0.40 0.14 0.11 0.16 0.25 0.05 0.03 0.06 0.21 0.22 
lS F 22 53.09 20.14 12.45 4.69 6.54 5.42 1.83 1.09 2.96 9.22 9.11 
0.51 0.30 0.39 0.09 0.14 0.10 0.03 0.03 0.04 0.26 0.23 
2S F 15 55 .. 1 20.79 12.85 4.68 6.89 5.37 1.94 1.24 2.85 9.33 8.75 
0.55 0.33 0.13 0.04 0.16 0.12 0.03 0.03 0.04 0.31 0.30 
3S F 27 52.79 19.59 12.83 4.57 6.29 5.19 1.87 1.11 2.87 8.88 8.71 
0.43 0.23 0.14 0.04 0.11 0.08 0.04 0.02 0.04 0.14 0.16 
lM F 20 54.15 19.70 12.56 4.55 6.50 5.11 1.93 1.12 2.91 9.50 8.33 
0.67 0.25 0.17 0.06 0.13 0.11 0.03 0.03 0.06 0.22 0.18 
2M F 37 54.90 19.86 12.69 4.44 6.87 5.10 1.88 1.12 2.86 8.92 8.75 
0.48 0.21 0.13 0.05 0.07 0.09 0.03 0.02 0.04 0.12 0.14 
3M F 13 53.42 19.50 12.51 4.50 5.57 5.25 1.90 1.10 2.81 9.17 8.42 
0.64 0.36 0.21 0.04 0.15 0.11 0.03 0.02 0.05 0.17 0.19 
IL F 15 53.49 19.87 12.49 4.63 6.53 5.43 1.99 1.18 3.02 9.23 8.92 
0.63 0.26 0.14 0.07 0.12 0.10 0.03 0.03 0.05 0.17 0.18 
2L F 19 55 .69 20.21 13.28 4.68 7.04 4.15 2.88 1.12 2.92 9.17 9.11 
0.77 0.29 0.21 0.06 0.18 0.32 0.41 0.03 0.06 0.20 0.18 
3L F 28 54.22 20.32 12.75 4.43 6.54 5.21 1.88 1.06 2.88 9.07 8.71 
0.42 0.22 0.13 0.04 0.06 0.10 0.02 0.02 0.03 0.14 0.12 
KK F 12 56.98 20.58 13.07 4.64 7.31 5.48 1.89 1.18 3.05 8.67 8.92 
0.65 0.31 0.20 0.06 0.19 0.14 0.04 0.05 0.04 0.19 0.29 
NB F 24 53.72 20.00 12.52 4.44 6.73 5.02 1.97 1 .13 2.82 8.92 8.88 
0.62 0.28 0.16 0.05 0.09 0.07 0.04 0.02 0.03 0.10 0.15 
EY F 23 54.83 19.86 12.61 4.43 6.84 5.28 1.83 1.11 2.82 8.83 8.87 
0.53 0.20 0.14 0.05 0.09 0.1 l 0.03 - 0.02 0.03 0.14 0.1 l 
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7 .3.2 Fluctuating Asymmetry 
Oedura reticulata 
In contrast to levels of morphological divergence, fluctuating asymmetry in 
supra and infra labials show distinct differences among populations. On average, levels 
of fluctuating asymmetry within remnant populations were higher than those in the 
nature re erves (mean fluctuating asymmetry: nature reserves = 0.072 + 0.001, 
remnants= 0.089 + 0.015). However, levels of fluctuating asymmetry were not 
consistent among the remnants, with many populations showing only slightly larger 
levels of fluctuating asymmetry than those in the nature reserves (Figure 7.1). The two 
character used to estimate fluctuating asymmetry were not significantly correlated 
an1ong populations (rs = 0.04, 12 d.f., p > 0.25; Spearman Rank Correlation; Zar 1984), 
suggesting that there may be no organism-wide population asymmetry parameter (Soule 
1967) for this species. However, the poor correlation may also result from the lack of 
large differences in fluctuating asymmetry values among many populations which may 
make a significant correlation between the two characters difficult to obtain. The 
reasons for the higher levels of fluctuating asymmetry cannot be discerned from the 
available data, although it does not appear to be related to remnant area (R2 = 0.01), 
which might be expected if edge effects affected developmental conditions such as 
incubation temperatures or moisture conditions. In contrast, linear regression analysis 
of mean fluctuating asymmetry and the log of estimated adult population size ( obtained 
in Chapter 4) reveals a significant correlation between these two variables (R2 = 0.61 , p 
= 0.01 - Figure 7 .2), indicating that phenomena associated wjth small population size 
such as inbreeding may be causing an increase in fluctuating asymmetry. This is 
di cussed below. 
G variegata: 
Fluctuating asymmetry in both IL and SL varied considerably among 
population , with the two characters significantly correlated (rs = 0.68; p < 0.005 ; 15 
C) 
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Figure 7 .1 Mean levels of fluctuating asymmetry iH remnant and 
nature reserve populations of Oedura reticulata. Sample sizes are 
given in parentheses. V = Very Small; S = Small; M = Medium; L = 
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Figure 7.2 Linear regression of ~ean levels of fluctuating asymmetry 
and the log of the total number of adult Oedura reticulata present in each 
remnant in 1991/92 (R2 = 0.61, p = 0.01). 
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d.f. ). Mean fluctuating asymmetry was generally higher in remnant populations than in 
the nature re erve populations (mean fluctuating a ymmetry : nature reserves = 0.045 + 
0.006, remnant = 0.063 + 0.019 - Figure 7 .3). Whilst levels of fluctuating asymmetry 
varied considerably among remnant populations (range = 0.033 to 0.097), they were 
similar among the nature reserve populations (range= 0.038 to 0.047), indicating that 
like 0. reticulata , G. variegata has a consistent base level of fluctuating asymmetry 
under natural conditions. Of the remnant populations, only three have mean levels of 
fluctuating asymmetry less than the range exhibited in the nature reserve populations 
while several (most notably 3 Medium, 2 Very Small, 1 Medium, 3 Small, 3 Large, 2 
Medium and 1 Small) exhibited comparatively high levels of fluctuating asymmetry. 
These data indicate that, in general , populations in remnants are subject to 
environmental or genetic stress at a level not observed in populations in undisturbed 
areas. The high level of variability among remnant populations indicates that level of 
stress varies considerably between remnants but is not correlated with ren1nant size or 
population size, indicating that stress is not a systematic function of these variables. 
Particularly surprising is the low levels of fluctuating asymmetry in the populations of 1 
Very Small and 2 Small which comprise very small populations and are particularly 
insular remnants. This indicates that high fluctuating asymmetry resulting from 
inbreeding depression is unlikely in remnant populations of this species and supports 
the earlier hypothesis contained in Chapter 3 that G. variegata moves between 
renmants. 
7 .4 Discussion 
The data presented in this study provide no evidence for n1orphological 
divergence caused by habitat fragmentation and isolation in either of the two species 
examined. Thi result was predicted for G. variegata which can probably move through 
the agricultural landscape (Chapters 3 & 6) but was less likely in the arboreal 
0. reticulata which shows little evidence of movement between remnants. The results 
indicate that either election pre ures upon both species have been insufficient to cause 
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Figure 7 .3 Mean levels of fluctuating asymmetry in remnant and 
nature reserve populations of Gehyra variegata. Sample sizes are 
given in parentheses. See table 7 .1 for explanation of abbrieviations to 
remnant names. 
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mea urable morphological change in the time since clearing, or that genetic 
characteri tics have constrained adaptation. 
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The mean levels of fluctuating asymmetry observed within populations of both 
0 . reticulata and G. variegata suggest two conclusions. First, the similarity of the mean 
fluctuating asymmetry values among the nature reserve populations indicates that there 
i a con istent underlying low level of fluctuating asymmetry in populations of both 
pecie under natural conditions. It therefore follow s that deviations from thi s 
background level are meaningful. Second, all remnant populations of 0. reticulata and 
n1ost of G variegata have higher levels of fluctuating asymmetry than those in the 
nature reserves, with several considerably higher than the background level. This 
uggests that these populations are experiencing environmental or genetic stress 
sufficient to affect developmental ability. 
Determining causality from this type of data is difficult. In the case of 
0. r.eticulata , the high level of fluctuating asymmetry observed in population lL could 
result from inbreeding depression ( due to small population size) but it could also result 
from environn1ental stress which has caused the decline to a small population size. 
Indeed, high levels of polymorphism in mitochondrial DNA among individuals in lL 
(Chapter 5) suggests that this population has declined only recently. What is clear is 
that individuals in lL are being subject to some form of stress causing developmental 
in tability above natural levels. An examination of the causes of the declining 
distribution of this species should start with those populations exhibiting comparatively 
high developmental instability. 
The increased levels of fluctuating asymmetry observed in many of the 
populations (compared with those in the nature reserves) indicate that most remnant 
population are under ome form of stres , whether that be induced by environmental 
change or are related to inbreeding depression. Increased fluctuating asymmetry can be 
cau ed by a variety of factors, including genetic stres es caused by inbreeding 
depres ion or high homozygosity or environn1ental stre es such as inadequate 
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incubation during development, poor diet, disease or chemical contamination. None of 
the e can be ruled out and in fact some may be quite likely following habitat 
fragmentation. For example, increases in solar reflectance following land clearance 
1ncrea e urface temperature within remnants (Hobb 1993 ). G. variegata lay their 
eggs under bark or logs (Bustard 1968; Henle 1990), which in an isolated and exposed 
remnant with little or no shrub understory may be sufficient to affect development in 
ome individuals. Henle ( 1990) suggested that high egg n1ortality among G. variegata 
eggs in one year of his study was the direct result of excessive heat. It is therefore quite 
possible that changes in thermal conditions within remnants as a direct result of habitat 
fragmentation and degradation could affect embryonic development and perhaps cause 
the observed higher levels of fluctuating asymn1etry in remnant populations of both 
species. 
The changes induced by habitat clearance and the associated change to 
agricultural land use have increased developmental instability in populations of both 
species but have been insufficient to cause large morphological changes. The critical 
point here is that adaptation to the changed conditions (either as a result of genetic 
based changes or phenotypic plasticity) has not been sufficient to reduce stress-induced 
developmental instability to 'normal ' levels. Such adaptation may be occurring; indeed 
disruptive selection may cause an increase in fluctuating asymmetry (Soule 1967), or 
occur in the future but the question is , on what time scale? In the case of 0. reticulata , a 
study of its remnant occupancy (Chapter 3) revealed presumed extinction of the species 
in 28% of smooth-barked eucalypt woodland remnants surveyed. These extinctions 
-
have occurred in less than 80 years and the small size of the remaining populations 
(Table 4.2) combined with its poor dispersal ability suggest that further extinction of 
population of 0. reticulata from remnants are likely. That is, extinctions are occurring 
in decade and are likely , by stochastic population processes alone ( due to small 
population size), to continue. On such a truncated tin1e scale, adaptation would appear 
to be largely irrelevant for the populations of 0. reticulata studied here. This point is 
further illustrated by the decline of the other species of gecko found in the region. At 
,, 
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least five species ( Crenadactylus ocellatus, Diplodactylus granariensis, D. maini, D. 
pulcher, D. spinigerus - Dell & Chapman 1978; Chapman & Dell 1980; G. Smith 
unpubli hed data) are found in the woodland of four major nature re erves in the tudy 
area; none are found in the remnants examined here, indicating that total extinction of 
those pecies has occurred outside of undisturbed areas within 80 years. In the case of 
those species, the change to an agricultural landscape and its associated disruption of 
populations and ecosystems have been too severe to permit persistence. 
There are numerous well documented cases of adaptation by fauna! populations 
to environmental changes induced by human activity (e.g. Kettlewell 1956; Balon 
1993) and at least one study in which human induced population fragmentation has 
apparently promoted intra specific morphological divergence (Brown et al. 1992). 
Unfortunately, while human induced changes to the environment may promote some 
pecies forn1ation, in many (perhaps most) cases, the environmental changes have been 
so dramatic and rapid as to overwhelm the majority of local species. Under such 
circumstances there is little hope of ensuring a balance between species extinction and 
species formation. 
CHAPTERS 
Synopsis and general discussion 
8.1 Overview of results and their implications for the 
'declining-population' and 'small-population' paradigms 
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In identifying the 'declining' and 'small' population paradigms as the dominant 
paradigms in conservation biology, Caughley ( 1994) suggested that species 
conservation following habitat clearance is a situation in which they might both be 
usefully applied: habitat clearance causes a reduction in range of a given species and 
changed ecological conditions (declining-population paradigm) and the associated 
fragmentation of habitat produces a metapopulation or a series of insular populations 
( mall-population paradigm). The two species of gecko studied here appear to represent 
just such a situation. Both have probably declined in range this century, primarily 
through habitat destruction, and both now exist in small populations. The difference 
between the response of the two species to this treatment is marked and is discussed 
below in terms of the two paradigms. 
Both species of gecko examined here exist in small, discontinuous populations 
and so are expo ed to the problems of extinction through demographic and genetic 
stocha ticity. Consequently, they must be considered under the small-population 
paradigm. The high occupancy rate of both species ( G. variegata - 97%; 0. reticulata 
72 % of woodland remnant ) demon trates that habitat destruction and fragmentation 
has not in itself been sufficient to cause the extinction of either species, at least in the 
54 to 80 years ince large-scale clearance began (but see below). 
Under the small-population paradigm and in the absence of migration or an 
external agent of decline, the predicted response to habitat fragmentation is that small 
population will experience greater rates of extinction than larger populations. Given 
the common a ertion that habitat ize and population ize are correlated, that 
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expectation is supported for 0. reticulata by the positive correlation between the 
number of mooth-barked eucalypts in a remnant and the probability of occupancy 
(Chapter 3). That is, large remnants have a higher probability of containing 
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0. reticulata than smaller remnants. However, the absence of a positive relationship 
between remnant size and population size and the high proportion of juveniles in the 
four smallest remnants (Chapter 4) indicates that the relationship between remnant size, 
population size and extinction probability may not be so simple. The apparent rapid 
decline in population size in remnant lL in a species with a stable population structure 
and a population with a high level of fluctuating asymmetry (Chapter 7) certainly 
suggests a causative agent other than demographic or genetic stochasticity. Such an 
agent of decline might be specific to a particular remnant or land management practice. 
The very high level of occupancy enjoyed by G. variegata in remnant habitat 
(Chapter 3) indicates that population extirpation within remnants happens only rarely. 
Thus, in tern1s of the small-population paradigm, population sizes within remnants or 
migration between remnants have been sufficient to prevent extinction. Estimates of 
minin1um viable population sizes for this species have not been made, but population 
sizes within several remnants are very small. Consequently, under the small-population 
paradigm and current crude indications of persistence times of small populations in 
other taxa ( e.g. Jones & Diamond 1976; Soule et al. 1988; Thomas 1990), migration 
(i.e. the formation of a metapopulation) needs to be invoked to account for at least some 
of the observed high level of occupancy. It is important to note, however, that anecdotal 
evidence fron1 this study and others indicates that movement between remnants is low. 
-
This implie that very small populations of this species can persist for 56 years or more 
with little immigration. Future quantification of the migration rate among G. variegata 
population could provide important empirical confirmation of the type of migration 
rate nece ary for the persistence of very small populations. 
In the sen e that 0. reticulata and G. variegata at pre ent have only a small 
fraction of the habitat that wa available to them before clearing, both have suffered a 
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reduction in distribution and hence must be considered under the declining-population 
paradigm. For the populations examined in this study , the decline in habitat area 
re ulting from direct destruction ceased in 1936. Since then, changes such as altered fire 
and water regimes , increased solar reflectance, sheep grazing and the use of agricultural 
chemicals have produced a more subtle but almost certainly important change in plant 
diversity and structure. Those changes include the loss of a shrub layer in all remnants 
and no regeneration of tree species. In the absence of regeneration and given that 
Eucalyptus salubris may take 100 years or more to form suitable hollows (C. Yates 
personal communication), the long term effect for populations of 0. reticulata will be 
the senescence and eventual loss of suitable habitat in all remnants examined in this 
study. Under that scenario, arguments concerning the demographic or genetic viability 
of 0. reticulata populations are of only short-term importance. 
In contrast, generalist habitat requirements probably mean that tree senescence 
and other changes caused by the change to an agricultural system of land use will have 
little effect on the regional persistence of G. variegata. As a result, the persistence of 
G. variegata and the maintenance of its current distribution will fall almost entirely 
within the small-population paradigm provided some form of habitat, such as logs , 
remains. 
The relatively successful levels of persistence of both 0. reticulata and 
G. variegata in the face of massive environmental change must also be viewed in the 
light of the local extinction of as many as five species of gecko ( Crenadactylus 
ocellatus, Diplodactylus granariensis, D. niaini, D. pulcher ,. D. spinigerus - Dell & 
Chapman 1978; Chapman & Dell 1980; G. Smith unpublished data) from remnant 
woodland outside nature reserves (Chapters 6 and 7). For these five terrestrial or semi-
arboreal habitat pecialists, the changes in vegetation structure and the advent of sheep 
grazing probably caused their rapid demise from woodland remnant . For those species, 
the mall-population paradigm is of little relevance to their extinction dynamics outside 
of undi turbed habitat. The mall-population paradigm is only relevant to the two 
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specie studied here because, in the case of 0. reticulata, its habitat within the remnant 
(i.e. hollow mooth-barked eucalypts) has been maintained and in the case of 
G. variegata its habitat requirements were broad enough to cope with major changes to 
its habitat. 
8.2 Implications for wildlife conservation and future research 
The results of this study have several implications for the management of 
wildlife populations following habitat fragmentation. Most importantly, the observed 
differences in levels of occupancy between G. variegata and 0. reticulata support the 
hypothesis that the response of a species to habitat fragmentation will in part be a 
function of its degree of habitat generalism. This is potentially very useful because it 
indicates that the response of a species to habitat fragmentation n1ay be predictable, 
thus allowing the early identification and targeting of vulnerable species. 
The difficulty with using a division like habitat specialists and generalists is one 
of definition. In the present study , 0. reticulata and G variegata were selected because 
they provided a suitably clear contrast in habitat requirements. The former could safely 
be de ignated a habitat pecialist relative to the latter using published data, thus 
avoiding discussion on what is generally a continuum, not a dichotomy. Consequently , 
while degree of specialisation and vulnerability may be linked, quantifying that link 
will be difficult. 
One possible approach to defining habitat specialisation (and hence vulnerability 
to fragmentation) may be through the estimation of spatial distribution and abundance 
patterns u ing urveys in undisturbed habitat. Species with a relatively uniform 
distribution and high abundance would be considered less vulnerable to fragmentation 
than tho e with highly discontinuous and sparse distributions - along the same lines as 
tho e uggested for defining rarity by Rabinowitz et al. ( 1986) and Fiedler & Ahouse 
( 1992). Studie of controlled habitat fragmentation are required to fully explore this 
concept; nonethele s, the pre ent study indicate that such inquiry may be fruitful. 
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Another point relevant to con ervation management that ari es from thi 
re earch i the importance of conducting demographic studies beyond surveys of 
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pecie pre ence or absence. This is because, while such surveys can provide a useful 
indication of the relative levels of per istence among species, they are relatively 
uninformative about process. In the study described here, the presence/absence survey 
of 0. reticulata failed to identify the extreme vulnerability (through small population 
ize) or recent decline (a suggested by variation in mtDNA) of some populations in the 
largest size class of remnants. Management options that concentrated on the 
conservation of populations in the smallest remnants alone would seriously 
underestimate the regional conservation problems facing that species. 
The result also indicate that the combination of molecular and demographic 
methods can provide important insights into the dynamics of populations in highly 
modified situations. Demographic surveys over one or two years will say little about the 
long term dynamics of local or metapopulations. Surveys using one or several of the 
battery of molecular techniques now available can provide critical information which 
when combined with more traditional field techniques could greatly compress the time 
required for the data necessary for management decisions to be gathered. Of course, the 
succe ful application of molecular techniques to solving ecological problems requires 
some good fortune (i .e. adequate polymorphism), careful selection of the appropriate 
techniques for the question being asked and adequate sample size and survey design. 
8.3 Concluding remarks 
The rediscovery of the Adelaide Blue Tongue Lizard near Burra (South 
Au tralia) in 1992 (Arm trong et al. 1993) has meant that in the 200 plus years since 
European ettlement, there has been no observed extinction of a reptile on the mainland 
of Australia (Cogger et al. 1993). Compared with mammals (16 species extinct since 
European settlement; Endangered Species Protection Act 1992), reptiles have shown 
remarkable tolerance to human induced changes to their environment. In fact, 
,, 
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worldwide, the majority of recent reptile extinctions have been restricted to island fauna 
(Case et al. 1992). 
Out of the 60 species of reptile believed to have originally been present in the 
Kellerberrin region, only two are confirmed to have disappeared from the region (Smith 
personal communication) despite large-scale and intensive changes in land use. This 
apparent resilience is remarkable. Unfortunately, the results from this study suggest that 
the apparent resilience may be an illusory demographic inertia caused by long life span, 
low metabolism, small size and small variance in demographic parameters. For many 
species, such demographic inertia may provide an overly optimistic view of persistence 
of individual species following recent habitat fragmentation. 
132 
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APPENDIX A 
APPENDICES 
(disk attached) 
The SAS data file for habitat data collected from all trees in remnants 1 Small, 2 
Small and 3 Small. The variables are (in order from left to right): Remnant, tree 
number, tree type (S = salmon gum, G = gimlet gum. D = dead tree), height, crown 
depth, height bole, foliage radius, foliage density, circumference, nun1ber of 
senescent limbs, number of non-senescent limbs. number of tree contacts, number 
of individual 0. reticulata caught on each tree during sampling 1991/92. 
APPENDIXB 
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SAS data file showing morphological measurements and counts for all Oedura 
reticulata measured in the 1990/91 and 1991/92 samples. The variables from left to 
right are: remnant, individual number, sex ( 1 = male; 2 = female; 3 = sub-adult; 4 = 
juvenile; 5 = gravid female); snout vent length. tail length. tail complete (1) or 
regenerated (2), hind limb length, head length. snout length, head width, inter-orbital 
width, rostral width, rostral height, eye, palpebral left, palpebral right, supra-labial left, 
supra-labial right, infra-labial left, infra-labial right, lamellae left, lamellae right, teeth 
left, teeth right, weight, number of mites. 
APPENDIX C 
SAS data file howing morphological measuren1ents and counts for all Gehyra 
variegata measured in the 1990/91 and 1991/92 amples. The variables from left to 
right are: remnant, individual number, sex ( 1 = male; 2 = female; 3 = sub-adult; 4 = 
juvenile; 5 = gravid female); nout vent length, tail length, tail complete (C) or 
152 
regenerated (R), hind limb length, head length, snout length, head width, inter-orbital 
width, rostral width, rostral height. eye, palpebral left, palpebral right, upra-labial left, 
supra-labial right, infra-labial left. infra-labial right. lamellae left, lamellae right. teeth 
left, teeth right, weight, number of mites, sample period ( 1 = 1990/91: 2 = 1991 /92). 
NOTE: All files are in Microsoft Word 5.0, Macinto h format. 
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